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ABSTRACT
Arctic regions are experiencing increasing variability in inter-annual sea ice
dynamics ultimately impacting marine Arctic ecosystems. Arctic-breeding
seabirds, such as thick-billed murres (Uria lomvia) are thus likely to be negatively
impacted by fluctuating environmental conditions through its influence on prey
availability. Additional extrinsic factors (colony size and chick demand) and
intrinsic factors (sex) are also likely to impact foraging behaviour and success of
murres in combination with environmental conditions. First, we tested the effect of
colony size on colony sensitivity to environmental change at two low Arctic
colonies of varying sizes, Coats Island, Nunavut and Digges Island, Nunavut
across multiple years (2014 – 2019) in response to broad-scale and fine-scale
environmental conditions. Foraging behaviour and foraging success varied in
response to environmental variation at both colonies, suggesting flexibility in
responding to environmental variability, however, energetic demand was higher at
the large colony suggesting increased sensitivity to future environmental change.
Second, we investigated the impacts of broad-scale environmental conditions and
fine-scale environmental conditions, adult sex, and chick demand on foraging and
diving behaviour and foraging success at Coats Island, Nunavut across multiple
years (2017 – 2019). We observed variation in foraging success across strategies
suggesting murres at a population level may buffer environmental change through
the use of different strategies. Overall, our results suggest warmer oceanic
conditions could be benefitting murres breeding at low Arctic sites, especially at a
larger colony that has an increased foraging range.
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CHAPTER 1
General Introduction

Climate Change in the Arctic
Globally, climate change driven by an increase in greenhouse gas emissions is leading to
an increase in surface air temperatures (Mioduszewski et al. 2019). Climate change
impacts a variety of ecosystems, leading to decreases in productivity, phenological shifts,
and alterations to food web dynamics (Cheung et al. 2009; Hoegh-Guldberg and Bruno
2010; Chan et al. 2019). In addition, climate change can lead to range expansions, where
temperate species expand the northern edge of their range, for example into the Arctic, as
the habitat becomes more suitable (Montevecchi et al. 2009; Post et al. 2009; BryndumBuchholz et al. 2019). For instance, in Fennoscandia (a region spanning portions of
Finland, Norway, and Sweden) red foxes (Vulpes vulpes) have expanded their range
northward creating greater overlap with the southern range of arctic fox (Vulpes lagopus),
where red fox are now outcompeting arctic fox for den sites in areas of high lemming
abundance leading to a reduction in arctic fox populations (Elmhagen et al. 2002; Post et
al. 2009; Shirley et al. 2009). The Arctic has been referred to as a “global hot-spot”, as it
is currently facing temperature increases at two times the rate of the global average
(Winton 2006; Serreze and Barry 2011; Post et al. 2013; Descamps et al. 2017; BryndumBuchholz et al. 2019). Within the Arctic, marine and freshwater ecosystems are
experiencing heightened rates of climatic change, such as changes to sea ice dynamics,
making these areas of special concern (Post et al. 2009; Descamps et al. 2017).
An increase in Arctic surface air temperature is leading to earlier onset of ice-melt
and ice break-up, as well as, pushing back the date of ice freeze-up (Hochheim and
1

Barber 2010; Stammerjohn et al. 2012; Gaston and Elliott 2014). Increasing temperature
has also led to a decrease in the thickness of Arctic sea ice and an over 40% decline in
sea ice extent, the total area of ocean covered by sea ice, since 1979 (Wong et al. 2014;
Descamps et al. 2017; Mioduszewski et al. 2019). Loss of sea ice amplifies Arctic
warming as reductions in sea ice reduces surface albedo, the amount of solar radiation
reflected from the Earth’s surface, creating a positive feedback loop where more solar
radiation is absorbed leading to increased warming and further sea ice melt (Winton
2006; Serreze and Barry 2011). As sea ice extent continues to decline, climate models
predict more interannual variability in the extent of sea ice (Mioduszewski et al. 2019).
The loss of multi-year ice and decrease in ice thickness is also creating more interannual
variability in the onset of ice-melt (Mioduszewski et al. 2019). Since sea ice dynamics
highly influence trophic dynamics in marine Arctic ecosystems, changes to sea ice
dynamics are predicted to have a large impact on Arctic communities (Ramírez et al.
2017).
These changes in sea ice dynamics manifest in ecosystems via their bottom-up
impacts on trophic linkages which can ultimately impact higher-order predators such as
marine mammals and seabirds, through initial reductions in zooplankton (Leu et al. 2011;
Wassmann 2011; Ji et al. 2013; Ramírez et al. 2017). In Arctic ecosystems, sea ice algae
and phytoplankton form the base of marine food webs, where they are responsible for
57% of Arctic primary productivity and are the primary prey item of zooplankton,
copepod grazers (Gosselin et al. 1997; Post et al. 2013). Sea ice algae is released at the
onset of ice melt, creating the first burst of Arctic productivity, which is followed several
weeks later by a phytoplankton bloom, creating the second major productivity boost (Leu
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et al. 2011; Wassmann 2011; Ji et al. 2013). In a healthy Arctic ecosystem, zooplankton
feed on the first sea ice algal bloom, and time their reproductive peak to occur during the
second phytoplankton bloom, as it provides a food source for their offspring, allowing
zooplankton to increase in abundance (Leu et al. 2011; Wassmann 2011; Ji et al. 2013).
However, as the onset of ice melt trends earlier it creates a phenological mismatch
between the reproductive peak of zooplankton and the phytoplankton bloom, resulting in
decreased abundance of zooplankton (Leu et al. 2011; Wassmann 2011; Ji et al. 2013).
Ultimately, ice-change related reductions in zooplankton abundance can have negative
bottom-up consequences for higher trophic level species, such as seabirds and marine
mammals, since zooplankton form the prey base for a variety of fish species that higher
trophic level species rely on for both maintenance and investing in breeding (Ramírez et
al. 2017).

Seabirds as a Model Study Species for Monitoring Environmental Change
Presently, seabird populations are experiencing considerable declines making them the
most threatened group of birds (Oppel et al. 2018). Major threats to seabird populations
include a variety of direct and indirect effects from anthropogenic impacts, such as,
pollution (seabirds are incredibly sensitive to oil spills), fisheries bycatch, and climate
change, in specific, reductions in food availability (Frederiksen et al. 2016; Oppel et al.
2018). Seabirds are a group characterized as foraging at high trophic levels (Cairns
1987), being long-lived, having delayed maturation, and low annual reproductive
output/success (Furness and Camphuysen 1997; Parsons et al. 2008), making them
vulnerable to rapid environmental change (Furness and Camphuysen 1997; Parsons et al.
2008; Keogan et al. 2018). In addition, as seabirds travel great distances sampling much
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of the marine environment in search of prey they can be thought of as ideal indicators of
marine health and an effective tool for marine spatial planning (Cairns 1987; Alonso et
al. 2018). Finally, although seabirds spend the majority of their time at sea, they come to
land once a year to breed, forming large breeding aggregations which makes them easy to
access and sample (Brisson-Curadeau et al. 2017).
During the breeding season seabirds forage from one central location, thus
foraging behaviour falls under central place foraging theory, which predicts that foraging
efficiency increases as distance from the colony increases, resulting in individuals
selecting larger and higher quality prey items as distance from the colony increases
(Orians and Pearson 1979; Burke and Montevecchi 2009). Marine environments are
characterized by patchily distributed resources, meaning that individuals foraging in
marine environments should also operate under optimal foraging theory (MacArthur and
Pianka 1966; Shoji et al. 2015; Chimienti et al. 2017). Optimal foraging theory predicts
that individuals will choose to minimize energetic costs while maximizing energetic gain
(MacArthur and Pianka 1966; Pyke et al. 1977; Chimienti et al. 2017; Ratcliffe et al.
2018). Thus in years with abundant prey, individuals should select a small range of high
quality prey items resulting in small dietary niche breadth (MacArthur and Pianka 1966;
Pyke et al. 1977; Chimienti et al. 2017; Ratcliffe et al. 2018). In contrast, when prey
abundance is low individuals should select for a wider variety of prey items resulting in
large dietary niche breadth (MacArthur and Pianka 1966; Pyke et al. 1977; Chimienti et
al. 2017; Ratcliffe et al. 2018). The overall foraging range of a species is influenced by a
number of factors including, colony size – larger colonies deplete resources surrounding
the colony at a faster rate leading to greater foraging ranges (Ashmole’s halo hypothesis;
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Ashmole 1963; Cairns 1989; Gaston et al. 2007; Elliott et al. 2009), breeding period
(incubation or chick-rearing period; Croll et al. 1991), and environmental conditions
(Oppel et al. 2018).
As sea ice extent continues to decline, Arctic species that use sea ice for predator
avoidance, reproduction, or foraging are expected to experience the greatest impacts
(Descamps et al. 2017). For example, high trophic level Arctic species such as marine
mammals and seabirds are expected to be significantly impacted (Laidre et al. 2008a,
2008b; Post et al. 2009). Notably, in the northern Hudson Bay region of Canada an earlier
onset of sea ice melt resulted in a species composition shift of the fish community
(Gaston et al. 2003). A reduction in sea ice extent beginning in the late 1990s led to a
reduction of Arctic Cod (Boreogadus saida) within this ecosystem, with an increase in
sandlance (Ammodytes spp.) and capelin (Mallotus villosus; fishes typically associated
with warmer waters), ultimately impacting locally breeding seabirds, such as thick-billed
murres (Uria lomvia; Gaston et al. 2003, 2005; Iverson et al. 2014).

Biomarkers as an Integrated Predictive Tool of Foraging Success
Biomarkers are individual metrics indicative of an organism’s overall fitness, and can
include metrics related to behaviour and physiology (Madliger and Love 2015).
Previously, measures of conservation behaviour and conservation physiology were
considered separate research sub-disciplines within the field of conservation science,
where the study of conservation behaviour addressed the behavioural responses of
species to environmental conditions (Cooke et al. 2014), e.g., boobies (masked, brown,
blue-footed, and red-footed) breeding in the central and eastern Pacific ocean adjust their
foraging behaviour to match local environmental conditions (Gilmour et al. 2018),
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whereas, conservation physiology addressed the physiological response of organisms to
environmental change (Cooke et al. 2014), e.g., common murres breeding in Atlantic
Canada increased levels of the glucocorticoid corticosterone in years of intermediate prey
availability (Storey et al. 2017). However, because physiology and behaviour are
inherently linked within the larger integrated phenotype (Murren 2012), integrating a
diversity of biomarkers (rather than studying single markers) is now considered the norm
for assessing how organisms are responding proximately (i.e., mechanistically) and
ultimately (i.e., in a fitness sense) to environmental change (Cooke et al. 2014; Madliger
et al. 2018). Taking an integrative approach is therefore expected to be a powerful means
of examining how Arctic species are responding to climate change, by combining
measurements of environmental conditions with a variety of useful biomarkers, such as
foraging behaviour (via GPS tracking), energetic physiology (via energetic metabolites
and hormones), and diet (via visual observations and stable isotopes) to ultimately predict
how and why environmental variability will impact fitness outcomes (Madliger et al.
2018).

Foraging Behaviour
To determine spatial marine habitat use of seabird species, bio-loggers (e.g., GPS units,
GPS accelerometers, and time-depth recorders) are one of the most effective tools, as
foraging metrics extracted from bio-loggers can be used as a biomarker of foraging
behaviour (Oppel et al. 2018). For instance, GPS units collect important fine-scale
location-based foraging metrics, such as, the number of foraging trips made over the
deployment period, the maximum distance of each foraging trip, and the total distance of
each foraging trip, which give researchers insight into foraging effort (Brisson-Curadeau
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et al. 2017). Kernel density analysis of foraging locations can also be used to map and
identify key foraging areas (Lewison et al. 2012; Gaston et al. 2013). Foraging effort can
also be deduced from diving metrics, collected from time-depth recorders and GPS
accelerometers, which allow researchers to quantify the depth, duration, and number of
dives made during a foraging trip (Brisson-Curadeau et al. 2017). Daily activity budgets
can also be estimated from both GPS and GPS accelerometers, i.e., the amount of time a
bird spends flying, swimming, diving, or resting at the colony (incubating their egg or
chick), and can be used to estimate average daily energetic expenditure (DEE; kJ/day),
which represents a stage-dependent energetic ceiling in seabirds (Elliott et al. 2014;
Brisson-Curadeau et al. 2017; Patterson et al. 2019).

Energetic Physiology
As physiological metrics represent a link between the individual and its environment they
are often thought of as useful markers and regulators of life history investment and tradeoffs (Zera and Harshman 2001; Ricklefs and Wikelski 2002; Hennin et al. 2018).
Conservation physiologists have suggested that by simultaneously measuring multiple
energetic biomarkers (i.e., circulating levels of energetic metabolites e.g., triglycerides,
beta-hydroxybutyrate, and non-esterified fatty acids, as well as energetic hormones such
as corticosterone; Storey et al. 2017; Madliger et al. 2018), which can provide
information on foraging profitability (Williams et al. 1999; Guglielmo et al. 2005; Storey
et al. 2017), we can assess the relative costs/benefits of different foraging strategies
(Wilmers et al. 2015). Due to logistical or financial constraints, or sensitivity of species
to handling, physiological biomarkers are often measured at a single time-point, giving
researchers a snapshot of energetic condition or state during the sampling period, e.g., the
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incubation or chick-rearing period (Dunphy et al. 2020). However, multiple sampling
events allow researchers to assess relative success of foraging trips over the deployment
period by comparing pre- and post-foraging levels of the energetic biomarkers of interest
(Tarroux et al. 2020). The need to capture and recapture birds to deploy bio-loggers
provides researchers with the opportunity to obtain multiple measures of energetic
biomarkers, creating two sampling events, pre- and post-deployment. Pairing foraging
behaviour (measured via bio-logging) with these changes in energetic physiology during
the foraging period can then provide a direct representation of how and why variation in
foraging impacts foraging success.
The use of energetic metabolites can help to infer foraging success (Tarroux et al.
2020). For example, plasma triglycerides are the storage form of fatty acids and thus can
be used as an indicator of fat deposition, where higher circulating levels of triglycerides
post-foraging are indicative of energy gain (Guglielmo et al. 2005; Anteau and Afton
2008; Dietz et al. 2009; Gerson and Guglielmo 2013). Glucocorticoid hormones, such as
corticosterone in birds, are often associated with long-term stress response; however,
circulating baseline levels play an integral role in the maintenance of homeostasis and the
regulation of energy expenditure (Romero and Wikelski 2001). This is achieved by
regulating blood glucose levels which facilitates changes in foraging behaviour, where
foraging activity is increased with elevated baseline glucocorticoids, when energetic
intake does not meet energetic demand (McEwen and Wingfield 2003). As such, elevated
circulating levels of baseline corticosterone post-foraging are associated with greater
energetic demand and therefore indicative of lower foraging success due to either lower
prey intake rate or lower quality prey intake, reflecting both prey availability and
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abundance (Benowitz-Fredericks et al. 2008). Likewise, during periods of high energetic
demand, where energetic output is greater than energetic intake, hydrolysis of
triglycerides from adipose tissue form non-esterified fatty acids meaning that higher postforaging circulating levels of non-esterified fatty acids are associated with lower
energetic condition, and therefore are indicative of greater energetic demand and lower
foraging success (Jenni-Eiermann and Jenni 1994; Williams and Buck 2010). Similarly,
during periods of fasting or body mass loss, beta-hydroxybutyrate is synthesized from
free fatty acids to be used as fuel for tissues (Williams et al. 1999); therefore higher
circulating levels of beta-hydroxybutyrate are associated with lower energetic condition
and fasting or mass loss, and are therefore indicative of greater energetic demand and
lower foraging success (Cherel et al. 1988; Guglielmo et al. 2005; Anteau and Afton
2008). Taken together a successful foraging trip in a representative seabird would be
characterized by elevated triglyceride levels and lowered levels of baseline
corticosterone, non-esterified fatty acids, and beta-hydroxybutyrate post-foraging.
Ultimately, by combining environmental variables with movement ecology, diet, and
energetic physiology, we gain greater insight into the conditions an individual is
experiencing while foraging and what may be driving changes in foraging flexibility.

Study Species: Thick-billed Murres
Thick-billed murres (referred to hereafter as murres) are a medium-sized seabird (800 to
1000 grams; Gaston and Hipfner 2020) with a circumpolar distribution that form large
breeding colonies ranging from the subarctic to the high Arctic. During their two-month
breeding season, individual pairs of murres nest along steep, bare, rocky cliff ledges,
laying a single egg (Gaston and Hipfner 2020). At low Eastern Arctic sites breeding
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begins in late June (lay date ranging from 28 June to 3 July) and ends in early August, as
incubation lasts for 33 days and chicks fledge 15 to 30 days post-hatch (Gaston and
Hipfner 2020). Murres have both high nest site and mate fidelity, meaning they return to
the same nest site with the same mate each year, and have only a single offspring per
breeding season (Gaston and Hipfner 2020). Both parents share parental duties, where
one parent is always present on the nest to protect the egg or chick against the risk of
predation – common predators include gulls (Larus spp.), arctic foxes, and now polar
bears (Ursus maritimus; Iverson et al. 2014; Gaston and Hipfner 2020).
During the breeding season nest shifts during the incubation period are typically
longer than nest shifts during the chick-rearing period, as foraging is only limited by their
partners ability to fast and guard the nest, whereas, during the chick-rearing period adults
must offset feeding themselves as well as their chick (Croll et al. 1991). Due to the
difference in time spent at the nest during the incubation versus chick-rearing periods,
there is a corresponding difference in body mass of adults during these two periods,
where adults lose mass during the late incubation period (Croll et al. 1991). This mass
loss is thought to be adaptive for chick-provisioning, as mass loss reduces wing-loading,
making flight less energetically costly (Croll et al. 1991; Elliott et al. 2009, 2013). Sexstereotyped behaviour has also been observed at some murre colonies, where females and
males have regimented incubation schedules, with females on the colony at night and
males on the colony during the day, resulting in foraging and dietary differences between
sexes (Elliott et al. 2010). Sex-specific differences are often attributed to differential
parental investment or carry-over effects from egg-laying, however Elliott et al. (2010),
suggests that sex-specific differences could be related to risk-partitioning of parental
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foraging strategies to maximize reproductive success, where one parent feeds on risk
averse prey (this parent will remain consistent in feeding on lower quality prey items,
helping to successfully fledge a chick) whereas the other parent will feed on risk prone
prey (less consistency in chick-provisioning but provides higher quality prey items,
helping to successfully fledge a chick), where risk-partitioning may help buffer the costs
of environmental change. During the chick-rearing period, adult murres are referred to as
single-prey loaders as they typically only bring a single prey item to feed their chick.
Once chicks have fledged, individuals take approximately five years to reach sexual
maturity and most often return to breed at the colony at which they were reared, within
ten metres of their original nest site (Gaston and Hipfner 2020). The maximum lifespan
recorded for a murre in the literature was 32 years (Cunningham et al. 2017), although
unpublished data (K. Elliott, pers. commun.) places maximum lifespan at, at least 39
years at the Coats Island colony in Nunavut, Canada.
Although murres are one of the most numerous Arctic seabird species (population
estimates exceeding 15 million, with 16% of the population located in the Canadian
Arctic; Gaston and Hipfner 2020) they are expected to be greatly affected by changes in
sea ice dynamics, as sea ice dynamics could negatively impact their prey base which
includes pelagic fish, benthic fish, and invertebrate species (Gaston et al. 2003).
Decreases in sea ice extent are expected to result in increased search effort for prey items,
which would in turn increase the energetic costs of foraging due to costs associated with
flight, as murres have incredibly high-wing loading (large body to wing size ratio), an
adaptation that is associated with deep-diving (murres can dive up to 210 metres; Croll et
al. 1992; Elliott et al. 2013). Substantial declines in murre populations are already
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occurring in Atlantic populations located in Svalbard, Norway, Iceland, and Greenland,
due to a reduction in prey items as a result of sea ice declines and changing ocean
currents (Frederiksen et al. 2016; Ramírez et al. 2017). Low reproductive success and
mass die offs have most recently been recorded at breeding colonies in the Bering and
Chukchi Seas in 2018, originally thought to be related to warming and sea ice loss in
these regions (Romano et al. 2020). However, further investigation integrating
physiology to look at energetic stress, fish surveys to determine prey availability, and
disease screening (limited sample size) at the St. Lawrence Island colony in the Bering
Sea, suggests die-offs may have been linked to an outbreak of avian cholera and not
shortages in food supply (Will et al. 2020). At present, Canadian populations remain
stable (Gaston et al. 2012). It is therefore important to determine how underlying
mechanisms such as proximate changes to behavioural flexibility may ultimately link
environmental change with foraging success, since identifying these linkages will allow
researchers to predict how further change will impact presently stable populations.

Thesis Goals
The overall goal of my thesis was to determine how intrinsic and extrinsic factors
influence murre foraging flexibility and whether this flexibility impacts foraging
performance measured via energetic physiology. In Chapter 2, I investigated the colonydependent impacts of environmental conditions, breeding stage and colony size on the
foraging behaviour (measured via bio-loggers), average daily energetic expenditure, and
foraging success (measured via energetic biomarkers) of murres at two low Arctic
breeding colonies. In Chapter 3, I used a finer-scale approach to examine how and why
flexibility in foraging behaviour, diving behaviour, average daily eneregtic expenditure
12

and foraging success was impacted by changes in environmental conditions, adult sex,
and chick resource demand within a focal, low Arctic murre colony.

Significance
Arctic ecosystems are changing rapidly due to increases in temperature which is leading
to mismatches in phenology and alteration of food wed dynamics (Cheung et al. 2009;
Hoegh-Guldberg and Bruno 2010; Chan et al. 2019). Given these rapid changes it is
imperative to determine whether Arctic species have the mechanistic capacity to respond
and succeed (Lewison et al. 2012). By using a highly integrative approach linking
foraging flexibility, foraging success, energy expenditure, and chick demand within and
across breeding stages and colonies I aim to help determine whether murres possess the
capacity to respond to rapid environmental change.

13

LITERATURE CITED
Alonso, H., Granadeiro, J.P., Dias, M.P., Catry, T., and Catry, P. 2018. Fine-scale
tracking and diet information of a marine predator reveals the origin and contrasting
spatial distribution of prey. Prog. Oceanogr. 162: 1–12.
doi:10.1016/j.pocean.2018.02.014.
Anteau, M.J., and Afton, A.D. 2008. Using plasma-lipid metabolites to index changes in
lipid reserves of free-living lesser scaup (Aythya affinis). Auk 125(2): 354–357.
doi:10.1525/auk.2008.06255.
Ashmole, N.P. 1963. The regulation of numbers of tropical oceanic birds. Ibis 103 b(3):
458–473. doi:10.1111/j.1474-919X.1963.tb06766.x.
Benowitz-Fredericks, Z.M., Shultz, M.T., and Kitaysky, A.S. 2008. Stress hormones
suggest opposite trends of food availability for planktivorous and piscivorous
seabirds in 2 years. Deep. Res. II 55: 1868–1876. doi:10.1016/j.dsr2.2008.04.007.
Brisson-Curadeau, É., Patterson, A., Whelan, S., Lazarus, T., and Elliott, K.H. 2017.
Tracking Cairns: Biologging improves the use of seabirds as sentinels of the sea.
Front. Mar. Sci. 4: 1–7. doi:10.3389/fmars.2017.00357.
Bryndum-Buchholz, A., Tittensor, D.P., Blanchard, J.L., Cheung, W.W.L., Coll, M.,
Galbraith, E.D., Jennings, S., Maury, O., and Lotze, H.K. 2019. Twenty‐first‐
century climate change impacts on marine animal biomass and ecosystem structure
across ocean basins. Glob. Chang. Biol. 25: 459–472. doi:10.1111/gcb.14512.
Burke, C.M., and Montevecchi, W.A. 2009. The foraging decisions of a central place
foraging seabird in response to fluctuations in local prey conditions. J. Zool. 278:
354–361. doi:10.1111/j.1469-7998.2009.00584.x.
Cairns, D.K. 1987. Seabirds as indicators of marine food supplies. Biol. Oceanogr. 5(4):
261–271. doi:10.1080/01965581.1987.10749517.
Cairns, D.K. 1989. The regulation of seabird colony size: a hinterland model. Am. Nat.
134(1): 141–146.
Chan, F.T., Stanislawczyk, K., Sneekes, A.C., Dvoretsky, A., Gollasch, S., Minchin, D.,
David, M., Jelmert, A., Albretsen, J., and Bailey, S.A. 2019. Climate change opens
new frontiers for marine species in the Arctic: Current trends and future invasion
risks. Glob. Chang. Biol. 25: 25–38. doi:10.1111/gcb.14469.
Cherel, Y., Robin, J.-P., Walch, O., Karmann, H., Netchitailo, P., and Le Maho, Y. 1988.
Fasting in king penguin I. Hormonal and metabolic changes during breeding. Am. J.
Physiol. 254: 170–177.
Cheung, W.W.L., Lam, V.W.Y., Sarmiento, J.L., Kearney, K., Watson, R., and Pauly, D.
2009. Projecting global marine biodiversity impacts under climate change scenarios.
Fish Fish. 10: 235–251. doi:10.1111/j.1467-2979.2008.00315.x.
Chimienti, M., Cornulier, T., Owen, E., Bolton, M., Davies, I.M., Travis, J.M.J., and
Scott, B.E. 2017. Taking movement data to new depths: Inferring prey availability
14

and patch profitability from seabird foraging behavior. Ecol. Evol. 7: 10252–10265.
doi:10.1002/ece3.3551.
Cooke, S.J., Blumstein, D.T., Buchholz, R., Caro, T., Fernández-Juricic, E., Franklin,
C.E., Metcalfe, J., O’Connor, C.M., St. Clair, C.C., Sutherland, W.J., and Wikelski,
M. 2014. Physiology, behavior, and conservation. Physiol. Biochem. Zool. 87(1): 1–
14. doi:10.1086/671165.
Croll, D.A., Gaston, A.J., Burger, A.E., and Konnoff, D. 1992. Foraging behavior and
physiological adaptation for diving in thick-billed murres. Ecology 73(1): 344–356.
Croll, D.A., Gaston, A.J., and Noble, D.G. 1991. Adaptive loss of mass in Thick-billed
Murres. Condor 93(3): 496–502. doi:10.2307/1368181.
Cunningham, J.T., Le Vaillant, M., Gaston, A.J., Ropert-Coudert, Y., Kato, A., Jacobs,
S.R., and Elliott, K.H. 2017. Reduced activity in middle-aged thick-billed murres:
evidence for age related trends in fine-scale foraging behaviour. Anim. Behav. 126:
271–280. doi:10.1016/j.anbehav.2017.02.010.
Descamps, S., Aars, J., Fuglei, E., Kovacs, K.M., Lydersen, C., Pavlova, O., Pedersen,
Ǻshild Ø., Ravolainen, V., and Strøm, H. 2017. Climate change impacts on wildlife
in a High Arctic archipelago – Svalbard, Norway. Glob. Chang. Biol. 23: 490–502.
doi:10.1111/gcb.13381.
Dietz, M.W., Jenni-Eiermann, S., and Piersma, T. 2009. The use of plasma metabolites to
predict weekly body-mass change in red knots. Condor 111(1): 88–99.
doi:10.1525/cond.2009.080112.
Dunphy, B.J., Vickers, S.I., Zhang, J., Sagar, R.L., Landers, T.J., Bury, S.J., Hickey,
A.J.R., and Rayner, M.J. 2020. Seabirds as environmental indicators: foraging
behaviour and ecophysiology of common diving petrels (Pelecanoides urinatrix)
reflect local-scale differences in prey availability. Mar. Biol. 167: 1-12.
doi:10.1007/s00227-020-3672-4.
Elliott, K.H., Gaston, A.J., and Crump, D. 2010. Sex-specific behavior by a
monomorphic seabird represents risk partitioning. Behav. Ecol. 21: 1024–1032.
doi:10.1093/beheco/arq076.
Elliott, K.H., Ricklefs, R.E., Gaston, A.J., Hatch, S.A., Speakman, J.R., and Davoren,
G.K. 2013. High flight costs, but low dive costs, in auks support the biomechanical
hypothesis for flightlessness in penguins. Proc. Natl. Acad. Sci.110: 1–5.
doi:10.1073/pnas.1304838110.
Elliott, K.H., Vaillant, M. Le, Kato, A., Gaston, A.J., Ropert-coudert, Y., Hare, J.F.,
Speakman, J.R., and Croll, D. 2014. Age-related variation in energy expenditure in a
long- lived bird within the envelope of an energy ceiling. J. Anim. Ecol. 83: 136–
146. doi:10.1111/1365-2656.12126.
Elliott, K.H., Woo, K.J., Gaston, A.J., Benvenuti, S., Dall’Antonia, L., and Davoren,
G.K. 2009. Central-place foraging in an Arctic seabird provides evidence for StorerAshmole’s halo. Auk 126(3): 613–625. doi:10.1525/auk.2009.08245.
15

Elmhagen, B., Tannerfeldt, M., and Angerbjörn, A. 2002. Food-niche overlap between
arctic and red foxes. Can. J. Zool. 80: 1274–1285. doi:10.1139/Z02-108.
Frederiksen, M., Descamps, S., Erikstad, K.E., Gaston, A.J., Gilchrist, H.G., Grémillet,
D., Johansen, K.L., Kolbeinsson, Y., Linnebjerg, J.F., Mallory, M.L., Mcfarlane
Tranquilla, L.A., Merkel, F.R., Montevecchi, W.A., Mosbech, A., Reiertsen, T.K.,
Robertson, G.J., Steen, H., Strøm, H., and Thórarinsson, T.L. 2016. Migration and
wintering of a declining seabird, the thick-billed murre Uria lomvia, on an ocean
basin scale: Conservation implications. Biol. Conserv. 200: 26–35. Elsevier Ltd.
doi:10.1016/j.biocon.2016.05.011.
Furness, R.W., and Camphuysen, K. 1997. Seabirds as monitors of the marine
environment. ICES J. Mar. Sci. 54: 726–737. doi:10.1006/jmsc.1997.0243.
Gaston, A.J., and Elliott, K.H. 2014. Seabird diet changes in northern Hudson Bay,
1981−2013, reflect the availability of schooling prey. Mar. Ecol. Prog. Ser. 513:
211–223. doi:10.3354/meps10945.
Gaston, A.J., Elliott, K.H., Ropert-Coudert, Y., Kato, A., Macdonald, C.A., Mallory,
M.L., and Gilchrist, H.G. 2013. Modeling foraging range for breeding colonies of
thick-billed murres Uria lomvia in the Eastern Canadian Arctic and potential overlap
with industrial development. Biol. Conserv. 168: 134–143.
doi:10.1016/j.biocon.2013.09.018.
Gaston, A.J., Gilchrist, H.G., and Hipfner, J.M. 2005. Climate change, ice conditions and
reproduction in an Arctic nesting marine bird: Brunnich’s guillemot (Uria lomvia
L.). J. Anim. Ecol. 74: 832–841. doi:10.1111/j.1365-2656.2005.00982.x.
Gaston, A.J., and Hipfner, J.M. 2020. Thick-billed Murre (Uria lomvia), version 1.0. In
Birds of the World. Edited By S.M. Billerman. Cornell Lab of Ornithology, Ithaca,
NY, USA.
Gaston, A.J., Mallory, M.L., and Gilchrist, H.. G. 2012. Populations and trends of
Canadian Arctic seabirds. Polar Biol. 35: 1221–1232. doi:10.1007/s00300-0121168-5.
Gaston, A.J., Woo, K., and Hipfner, J.M. 2003. Trends in forage fish populations in
northern Hudson Bay since 1981, as determined from the diet of nestling thickbilled murres Uria lomvia. Arctic 56(3): 227–233.
Gaston, A.J., Ydenberg, R.C., and Smith, G.E.J. 2007. Ashmole’s halo and population
regulation in seabirds. Mar. Ornithol. 35: 119–126.
Gerson, A.R., and Guglielmo, C.G. 2013. Energetics and metabolite profiles during early
flight in American robins (Turdus Migratorius). J. Comp. Physiol. B Biochem. Syst.
Environ. Physiol. 183(7): 983–991. doi:10.1007/s00360-013-0767-y.
Gilmour, M.E., Castillo-Guerrero, J.A., Fleishman, A.B., Hernández-Vázquez, S.,
Young, H.S., and Shaffer, S.A. 2018. Plasticity of foraging behaviors in response to
diverse environmental conditions. Ecosphere 9(7): 1–19. doi:10.1002/ecs2.2301.
Gosselin, M., Levasseur, M., Wheeler, P.A., Horner, R.A., and Booth, B.C. 1997. New
16

measurements of phytoplankton and ice algal production in the Arctic Ocean. Deep.
Res. Part II 44(8): 1623–1644.
Guglielmo, C.G., Cerasale, D.J., and Eldermire, C. 2005. A field validation of plasma
metabolite profiling to assess refueling performace of migratory birds. Physiol.
Biochem. Zool. 78(1): 116–125.
Hennin, H.L., Dey, C.J., Bêty, J., Gilchrist, H.G., Legagneux, P., Williams, T.D., and
Love, O.P. 2018. Higher rates of prebreeding condition gain positively impacts
clutch size: A mechanistic test of the condition-dependent individual optimization
model. Funct. Ecol. 32(8): 2019–2028. doi:10.1111/1365-2435.13133.
Hochheim, K.P., and Barber, D.G. 2010. Atmospheric forcing of sea ice in Hudson Bay
during the fall period, 1980–2005. J. Geophys. Res. 115: 1–20.
doi:10.1029/2009JC005334.
Hoegh-Guldberg, O., and Bruno, J.F. 2010. The impact of climate change on the world’s
marine ecosystems. Science (80-. ). 328: 1523–1528.
Iverson, S.A., Gilchrist, H.G., Smith, P.A., Gaston, A.J., and Forbes, M.R. 2014. Longer
ice-free seasons increase the risk of nest depredation by polar bears for colonial
breeding birds in the Canadian Arctic. Proc. R. Soc. B 28: 20133128.
doi:http://dx.doi.org/10.1098/rspb.2013.3128.
Jenni-Eiermann, S., and Jenni, L. 1994. Plasma metabolite levels predict individual bodymass changes in a small long-distance migrant, the garden warbler. Auk 111(4):
888–899.
Ji, R., Jin, M., and Varpe, Ø. 2013. Sea ice phenology and timing of primary production
pulses in the Arctic Ocean. Glob. Chang. Biol. 19: 734–741. doi:10.1111/gcb.12074.
Keogan, K., Daunt, F., Wanless, S., Phillips, R.A., Walling, C.A., Agnew, P., Ainley,
D.G., Anker-Nilssen, T., Ballard, G., Barrett, R.T., Barton, K.J., Bech, C., Becker,
P., Berglund, P.-A., Bollache, L., Bond, A.L., Bouwhuis, S., Bradley, R.W., Burr,
Z.M., Camphuysen, K., Catry, P., Chiaradia, A., Christensen-Dalsgaard, S.,
Cuthbert, R., Dehnhard, N., Descamps, S., Diamond, T., Divoky, G., Drummond,
H., Dugger, K.M., Dunn, M.J., Emmerson, L., Erikstad, K.E., Fort, J., Fraser, W.,
Genovart, M., Gilg, O., González-Solís, J., Granadeiro, J.P., Grémillet, D., Hansen,
J., Hanssen, S.A., Harris, M., Hedd, A., Hinke, J., Igual, J.M., Jahncke, J., Jones, I.,
Kappes, P.J., Lang, J., Langset, M., Lescroël, A., Lorentsen, S.H., Lyver, P.O.B.,
Mallory, M., Moe, B., Montevecchi, W.A., Monticelli, D., Mostello, C., Newell, M.,
Nicholson, L., Nisbet, I., Olsson, O., Oro, D., Pattison, V., Poisbleau, M., Pyk, T.,
Quintana, F., Ramos, J.A., Ramos, R., Reiertsen, T.K., Rodríguez, C., Ryan, P.,
Sanz-Aguilar, A., Schmidt, N.M., Shannon, P., Sittler, B., Southwell, C., Surman,
C., Svagelj, W.S., Trivelpiece, W., Warzybok, P., Watanuki, Y., Weimerskirch, H.,
Wilson, P.R., Wood, A.G., Phillimore, A.B., and Lewis, S. 2018. Global
phenological insensitivity to shifting ocean temperatures among seabirds. Nat. Clim.
Chang. 8: 313–318. doi:10.1038/s41558-018-0115-z.
Laidre, K.L., Heide-Jørgensen, M.P., Nyeland, J., Mosbech, A., and Boertmann, D.
17

2008a. Latitudinal gradients in sea ice and primary production determine Arctic
seabird colony size in Greenland. Proc. R. Soc. B 275: 2695–2702.
doi:10.1098/rspb.2008.0874.
Laidre, K.L., Stirling, I., Lowry, L.F., Wiig, Ø., Heide-Jørgensen, M.P., and Ferguson,
S.H. 2008b. Quantifying the sensitivity of Arctic marine mammals to climateinduced habitat change. Ecol. Appl. 18(2): 97–125.
Leu, E., Søreide, J.E., Hessen, D.O., Falk-Petersen, S., and Berge, J. 2011. Consequences
of changing sea-ice cover for primary and secondary producers in the European
Arctic shelf seas: Timing, quantity, and quality. Prog. Oceanogr. 90: 18–32.
doi:10.1016/j.pocean.2011.02.004.
Lewison, R., Oro, D., Godley, B.J., Underhill, L., Bearhop, S., Wilson, R.P., Ainley, D.,
Arcos, J.M., Boersma, P.D., Borboroglu, P.G., Boulinier, T., Frederiksen, M.,
Genovart, M., González-Solís, J., Green, J.A., Grémillet, D., Hamer, K.C., Hilton,
G.M., Hyrenbach, K.D., Martínez-Abraín, A., Montevecchi, W.A., Phillips, R.A.,
Ryan, P.G., Sagar, P., Sydeman, W.J., Wanless, S., Watanuki, Y., Weimerskirch, H.,
and Yorio, P. 2012. Research priorities for seabirds: improving conservation and
management in the 21st century. Endanger. Species Res. 17: 93–121.
doi:10.3354/esr00419.
MacArthur, R.H., and Pianka, E.R. 1966. On Optimal Use of a Patchy Environment. Am.
Nat. 100(916): 603–609.
Madliger, C.L., and Love, O.P. 2015. The power of physiology in changing landscapes:
considerations for the continued integration of conservation and physiology. Integr.
Comp. Biol. 55(4): 545–553. doi:10.1093/icb/icv001.
Madliger, C.L., Love, O.P., Hultine, K.R., and Cooke, S.J. 2018. The conservation
physiology toolbox: status and opportunities. Conserv. Physiol. 6: 1–16.
doi:10.1093/conphys/coy029.
McEwen, B.S., and Wingfield, J.C. 2003. The concept of allostasis in biology and
biomedicine. Horm. Behav. 43: 2–15. doi:10.1016/S0018-506X(02)00024-7.
Mioduszewski, J.R., Vavrus, S., Wang, M., Holland, M., and Landrum, L. 2019. Past and
future interannual variability in Arctic sea ice in coupled climate models. Cryosph.
13: 113–124. doi:10.5194/tc-13-113-2019.
Montevecchi, W.A., Benvenuti, S., Garthe, S., Davoren, G.K., and Fifield, D. 2009.
Flexible foraging tactics by a large opportunistic seabird preying on forage- and
large pelagic fishes. Mar. Ecol. Prog. Ser. 385: 295–306. doi:10.3354/meps08006.
Murren, C.J. 2012. The integrated phenotype. Integr. Comp. Biol. 52(1): 64–76.
doi:10.1093/icb/ics043.
Oppel, S., Bolton, M., Carneiro, A.P.B., Dias, M.P., Green, J.A., Masello, J.F., Phillips,
R.A., Owen, E., Quillfeldt, P., Beard, A., Bertrand, S., Blackburn, J., Boersma, P.D.,
Borges, A., Broderick, A.C., Catry, P., Cleasby, I., Clingham, E., Creuwels, J.,
Crofts, S., Cuthbert, R.J., Dallmeijer, H., Davies, D., Davies, R., Dilley, B.J., Dinis,
18

H.A., Dossa, J., Dunn, M.J., Efe, M.A., Fayet, A.L., Figueiredo, L., Frederico, A.P.,
Gjerdrum, C., Godley, B.J., Granadeiro, J.P., Guilford, T., Hamer, K.C., Hazin, C.,
Hedd, A., Henry, L., Hernández-Montero, M., Hinke, J., Kokubun, N., Leat, E.,
Tranquilla, L.M., Metzger, B., Militão, T., Montrond, G., Mullié, W., Padget, O.,
Pearmain, E.J., Pollet, I.L., Pütz, K., Quintana, F., Ratcliffe, N., Ronconi, R.A.,
Ryan, P.G., Saldanha, S., Shoji, A., Sim, J., Small, C., Soanes, L., Takahashi, A.,
Trathan, P., Trivelpiece, W., Veen, J., Wakefield, E., Weber, N., Weber, S., Zango,
L., Daunt, F., Ito, M., Harris, M.P., Newell, M.A., Wanless, S., González-Solís, J.,
and Croxall, J. 2018. Spatial scales of marine conservation management for breeding
seabirds. Mar. Policy 98: 37–46. Elsevier Ltd. doi:10.1016/j.marpol.2018.08.024.
Orians, G.H., and Pearson, N.E. 1979. Analysis of Ecological Systems. Edited by D.H.
Horn, R. Mitchell, and G.R. Stairs. Ohio State University Press, Columbus, Ohio,
USA. pp. 155–177.
Parsons, M., Mitchell, I., Butler, A., Ratcliffe, N., Frederiksen, M., Foster, S., and Reid,
J.B. 2008. Seabirds as indicators of the marine environment. ICES J. Mar. Sci. 65:
1520–1526. doi:10.1093/icesjms/fsn155.
Patterson, A., Gilchrist, H.G., Chivers, L., Hatch, S., and Elliott, K. 2019. A comparison
of techniques for classifying behavior from accelerometers for two species of
seabird. Ecol. Evol. 9: 3030–3045. doi:10.1002/ece3.4740.
Post, E., Bhatt, U.S., Bitz, C.M., Brodie, J.F., Fulton, T.L., Hebblewhite, M., Kerby, J.,
Kutz, S.J., Stirling, I., and Walker, D.A. 2013. Ecological consequences of sea-ice
decline. Science 341: 519–524. doi:10.1126/science.1235225.
Post, E., Forchhammer, M.C., Bret-Harte, M.S., Callaghan, T. V, Christensen, T.R.,
Elberling, B., Fox, A.D., Gilg, O., Hik, D.S., Høye, T.T., Ims, R.A., Jeppesen, E.,
Klein, D.R., Madsen, J., McGuire, A.D., Rysgaard, S., Schindler, D.E., Stirling, I.,
Tamstorf, M.P., Tyler, N.J., van der Wal, R., Welker, J., Wookey, P.A., Schmidt,
N.M., and Aastrup, P. 2009. Ecological dynamics across the Arctic associated with
recent climate change. Science 325: 1355–1358. doi:10.1126/science.1173113.
Pyke, G.H., Pulliam, H.R., and Charnov, E.L. 1977. Optimal foraging: a selective review
of theory and tests. Q. Rev. Biol. 52(2): 137–154.
Ramírez, F., Tarroux, A., Hovinen, J., Navarro, J., Afán, I., Forero, M.G., and Descamps,
S. 2017. Sea ice phenology and primary productivity pulses shape breeding success
in Arctic seabirds. Sci. Rep. 7: 1–9. doi:10.1038/s41598-017-04775-6.
Ratcliffe, N., Adlard, S., Stowasser, G., and Mcgill, R. 2018. Dietary divergence is
associated with increased intra-specific competition in a marine predator. Sci. Rep.
8(6827): 1–10. doi:10.1038/s41598-018-25318-7.
Ricklefs, R.E., and Wikelski, M. 2002. The physiology/life-history nexus. Trends Ecol.
Evol. 17(10): 462–468.
Romano, M.D., Renner, H.M., Kuletz, K.J., Parrish, J.K., Jones, T., Burgess, H.K.,
Cushing, D.A., and Causey, D. 2020. Die–offs, reproductive failure, and changing
at–sea abundance of murres in the Bering and Chukchi Seas in 2018. Deep. Res.
19

Part II Top. Stud. Oceanogr. 181–182. doi:10.1016/j.dsr2.2020.104877.
Romero, L.M., and Wikelski, M. 2001. Corticosterone levels predict survival
probabilities of Galápagos marine iguanas during El Niño events. Proc. Natl. Acad.
Sci. 98(13): 7366–7370. doi:10.1073/pnas.131091498.
Serreze, M.C., and Barry, R.G. 2011. Processes and impacts of Arctic amplification : A
research synthesis. Glob. Planet. Change 77: 85–96.
doi:10.1016/j.gloplacha.2011.03.004.
Shirley, M.D.F., Elmhagen, B., Lurz, P.W.W., Rushton, S.P., and Angerbjörn, A. 2009.
Modelling the spatial population dynamics of arctic foxes: the effects of red foxes
and microtine cycles. Can. J. Zool. 87: 1170–1183. doi:10.1139/Z09-104.
Shoji, A., Aris-Brosou, S., Fayet, A., Padget, O., Perrins, C., and Guilford, T. 2015. Dual
foraging and pair coordination during chick provisioning by Manx shearwaters:
empirical evidence supported by a simple model. J. Exp. Biol. 218: 2116–2123.
doi:10.1242/jeb.120626.
Stammerjohn, S., Massom, R., Rind, D., and Martinson, D. 2012. Regions of rapid sea
ice change: An inter-hemispheric seasonal comparison. Geophys. Res. Lett. 39: 1–8.
doi:10.1029/2012GL050874.
Storey, A.E., Ryan, M.G., Fitzsimmons, M.G., Kouwenberg, A.-L., Takahashi, L.S.,
Robertson, G.J., Wilhelm, S.I., McKay, D.W., Herzberg, G.R., Mowbray, F.K.,
MacMillan, L., and Walsh, C.J. 2017. Balancing personal maintenance with parental
investment in a chick-rearing seabird: physiological indicators change with foraging
conditions. Conserv. Physiol. 5(1): 1–12. doi:10.1093/conphys/cox055.
Tarroux, A., Cherel, Y., Fauchald, P., Kato, A., Love, O.P., Ropert-Coudert, Y., Spreen,
G., Varpe, Ø., Weimerskirch, H., Yoccoz, N.G., Zahn, S., and Descamps, S. 2020.
Foraging tactics in dynamic sea-ice habitats affect individual state in a long-ranging
seabird. Funct. Ecol. 34(9): 1839–1856. doi:10.1111/1365-2435.13632.
Wassmann, P. 2011. Arctic marine ecosystems in an era of rapid climate change. Prog.
Oceanogr. 90: 1–17. doi:10.1016/j.pocean.2011.02.002.
Will, A., Thiebot, J., Ip, H.S., Shoogukwruk, P., Annogiyuk, M., Takahashi, A., ShearnBochsler, V., Killian, M.L., Torchetti, M., and Kitaysky, A. 2020. Investigation of
the 2018 thick-billed murre (Uria lomvia) die-off on St . Lawrence Island rules out
food shortage as the cause. Deep. Res. II 181–182. Elsevier Ltd.
doi:https://doi.org/10.1016/j.dsr2.2020.104879 Received.
Williams, C.T., and Buck, C.L. 2010. Using fatty acids as dietary tracers in seabird
trophic ecology: theory, application and limitations. J. Ornithol. 151: 531–543.
doi:10.1007/s10336-010-0513-0.
Williams, T.D., Guglielmo, C.G., Egeler, O., and Martyniuk, C.J. 1999. Plasma lipid
metabolites provide information on mass change over several days in captive
Western Sandpipers. Auk 116(4): 994–1000.
Wilmers, C.C., Nickel, B., Bryce, C.M., Smith, J.A., Wheat, R.E., and Yovovich, V.
20

2015. The golden age of bio-logging: how animal-borne sensors are advancing the
frontiers of ecology. Ecology 96(7): 1741–1753.
Winton, M. 2006. Amplified Arctic climate change: What does surface albedo feedback
have to do with it? Geophys. Res. Lett. 33: 1–4. doi:10.1029/2005GL025244.
Wong, S.N.P., Gjerdrum, C., Morgan, K.H., and Mallory, M.L. 2014. Hotspots in cold
seas: The composition, distribution, and abundance of marine birds in the North
American Arctic. J. Geophys. Res. Ocean. 119: 1691–1705.
doi:10.1002/2013JC009198.
Zera, A.J., and Harshman, L.G. 2001. The Physiology of Life History Trade-Offs in
Animals. Annu. Rev. Ecol. Syst. 32: 95–126.

21

CHAPTER 2
Linking environmental variability to inter- and intra-colony foraging flexibility and
success in an Arctic seabird
INTRODUCTION
In recent decades rising Arctic temperatures have resulted in increasing inter-annual
variability of sea ice dynamics and overall declines in Arctic sea ice extent
(Mioduszewski et al. 2019). Pagophillic, ice-obligate or ice-associated species, are
expected to experience the greatest impacts of sea ice declines and fluctuations through
both direct and indirect processes (Macias-Fauria and Post 2018). Directly, loss of sea ice
will detrimentally impact species that use sea ice for hunting, e.g., polar bears (Ursus
maritimus), or for birthing and nursing offspring, e.g., ringed seals (Phoca hispida) and
bearded seals (Erignathus barbatus; Laidre et al. 2008; Macias-Fauria and Post 2018).
For example, as a result of earlier sea ice retreat the subpopulation of polar bears in
Baffin Bay, Nunavut, Canada are spending more time on land, resulting in lower body
condition and lower reproductive success (Laidre et al. 2020). Indirectly, changing sea
ice dynamics can result in a phenological mismatch at the base of Arctic marine food
webs leading to a reduction in prey for higher trophic level species, such as, whales,
seals, and seabirds (Macias-Fauria and Post 2018). For instance, an increase in the
temporal lag between sea ice algae and phytoplankton blooms (primary producers at the
base of Arctic marine food webs) led to a reduction in the breeding success of two
seabird species: the little auk (Alle alle) and thick-billed murres (Uria lomvia) in
Svalbard, Norway (Ramírez et al. 2017). Indeed, these changes are considered severe
enough to term the study of Arctic climate change a ‘crisis discipline’ with Arctic top
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predators such as marine mammals and seabirds particularly expected to be impacted
(Macias-Fauria and Post 2018).
In a review of research priorities for seabird conservation and management
Lewison et al. (2012) highlight the need for researchers to assess the effects of
environmental change on seabird populations and determine their responsiveness to
change. Despite the overall severity of Arctic climate change, its impacts are not uniform
across Arctic regions, and effects are predicted to differ with geographic location (Laidre
et al. 2008a). Geographically widespread seabird species such as thick-billed murres that
range from the North-Atlantic and Pacific to the high Arctic (Gaston and Hipfner 2000)
experience a wide range of environmental conditions across populations (Laidre et al.
2008a). For example, Gaston et al. (2005) found that murres nesting at high Arctic sites
benefitted from years with less ice from increased access to prey items resulting in higher
breeding success. Conversely, murres breeding at low Arctic sites experienced a prey
switch in the late 1990s corresponding to a decline in sea ice extent, leading to reduced
chick-provisioning and chick growth rates (Gaston et al. 2003, 2005a; Gaston and Elliott
2014). In addition to the influence of the interaction between geographic location and
environmental change on breeding success of seabirds in a changing Arctic, the overall
size of breeding colonies is also expected to play an important role due to prey depletion
rates surrounding large colonies (e.g., Ashmole’s Halo; Ashmole 1963). Murre colonies
can range in size from several orders of magnitudes, ranging from less than 500 breeding
pairs (Merkel et al. 2014) to 400,000 breeding pairs (Gaston et al. 2013) and recent work
has shown that foraging range scales to the 0.33 power of colony size (Patterson et al., in
prep.). However, while it is likely that changing environmental conditions will in turn
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affect colonies of different sizes at varying magnitudes via direct mechanisms (prey
availability and abundance), we know little about how and why environmental variation
ultimately impacts breeding parameters via more complex indirect mechanisms. As
obtaining breeding success data can be difficult at remote breeding colonies, examining
linkages between environmental conditions and foraging flexibility, and the resulting
impacts on foraging success as measured via metrics of energetic physiology, should
improve these gaps and the capacity to predict how different colonies will be impacted by
climate change.
We aim to address these gaps by focusing on a multi-year integrative field study
examining drivers of inter- and intra-colony variation in foraging behaviour and success
in an Arctic-breeding seabird facing rapid environmental change, the thick-billed murre.
Specifically, our aim in the present study was to i) examine inter- and intra-colony
variation in foraging flexibility at two important breeding stages, ii) assess whether these
measures of foraging flexibility were driven by environmental conditions at broad and
fine scales, and iii) determine whether environmentally-induced foraging flexibility
impacted foraging success of murres (measured via energetic biomarkers). To determine
the sensitivity of murres to environmental change we first measured foraging behaviour
of birds during both incubation and chick-rearing periods at two different-sized colonies
and in relation to changes in broad- and fine-scale measures of environmental conditions.
Using energetic physiological traits collected from the blood, we then assessed the
success of various foraging strategies, and tested whether colony size influenced the
impact of changes in broad- and fine-scale environmental conditions on murre foraging
performance. Since colony size is expected to be directly related to the rate of prey
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depletion (Ashmole 1963; Cairns 1989; Gaston et al. 2007; Elliott et al. 2009), we
expected large and small colonies to differ in foraging behaviour with murres at larger
colonies being more sensitive to changes in environmental conditions. Specifically, we
predicted that in years with lower sea ice extent and higher sea surface temperatures, prey
should be less abundant, resulting in increased search time for prey items, and therefore
increasing trip length or number of trips, with this relationship being further exasperated
at large colonies as birds there are already foraging at greater distances. We then
hypothesized that foraging success (e.g., energetic physiology) would vary between
colonies since murres at larger colonies would need to travel further distances resulting in
higher foraging costs. More specifically, birds at larger colonies should be more
energetically taxed, as murres travelling further distances should be closer to their
physiological limit, especially under periods of low ice availability. Taken together,
although we expected flexibility in foraging behaviour to allow murres across colony
sizes to respond to environmental change, we also expected significantly stronger
negative downstream effects of environmental change on the success of said flexibility
for birds breeding at larger colonies. The ability to assess how the link between foraging
flexibility and foraging success of murres responds to changing environmental
conditions, at broad and fine-scales, as colony size varies will enable us to predict the
relative sensitivity of murres at different long-term breeding locations to withstand the
current rates of Arctic climate change.
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METHODS
Study Sites: Coats Island and Digges Island, Nunavut
We conducted fieldwork at two murre colonies located within the Hudson Strait-Northern
Hudson Bay Narrows region of the Eastern Canadian Arctic: Coats Island, Nunavut
(West colony, 62°56′52.20” N, 82°01′03.70” W and East colony, 62°56'49.2"N
81°58'48.0"W; sampled from 2017-2019; Figure 2.1) and Digges Sound, Nunavut
(Digges Island, 62°33’11.1” N, 77°43’56.1” W and Cape Wolstenholme, 62°32'52.8"N
77°32'20.4"W; sampled from 2014-2016; Figure 2.1). Although the sites are only 220 km
apart (Provencher et al. 2013), they vary greatly in colony size: Coats Island, Nunavut is
home to 30,000 breeding pairs and Digges Island, Nunavut is home to 400,000 breeding
pairs (Gaston et al. 2013). At both sites murres nest on rocky cliff edges.

Environmental Conditions
We chose sea ice extent (concentration of sea ice within a given area) to quantify sea ice
dynamics, as murres are a seabird species associated with sea ice (Laidre et al. 2008a;
LeBlanc et al. 2019). We additionally included sea surface temperature (SST) as it is
highly correlated with breeding phenology at Coats Island, Nunavut (Gaston and Elliott
2014). Furthermore, these two environmental variables are known to influence prey
availability (Laidre et al. 2008a; Gaston and Elliott 2014). We obtained sea surface
temperature and sea ice concentration data from the ‘global ocean Operational SST and
Ice Analysis (OSTIA) sea surface temperature and sea ice analysis’ product provided by
the Copernicus Marine Environment Monitoring Service
(https://resources.marine.copernicus.eu/?option=com_csw&view=details&product_id=SS

26

T_GLO_SST_L4_NRT_OBSERVATIONS_010_001). The OSTIA product combines
satellite observations from multiple sensors (e.g., ASMR2) and in situ observations
(drifting and moored buoys; sea surface temperature only) for a daily measure of sea
surface temperature (kelvin) and sea ice concentration (%) at a 0.05 by 0.05 resolution
(approximately 5 km; Good et al. 2020). We extracted sea surface temperature and sea
ice concentration values within the radius of the maximum foraging range of each colony,
respective to study years (Coats Island = 130 km; Digges Island = 300 km) throughout
the breeding season, from the period of June 15th (the time prior to egg-laying) to August
15th (sea ice is typically no longer present within Hudson Strait and Hudson Bay at this
time), resulting in daily measures of sea surface temperature (converted to C) and sea ice
extent (%). We performed a principal components analysis (PCA) on sea surface
temperature and sea ice extent to generate a composite of environmental conditions
(ePC1 – see details below) using the ‘principal’ function from the psych package in R
(Revelle 2020) to then compare broad-scale inter-annual differences at each colony
between years. The PCA for environmental conditions resulted in only a single
eigenvalue greater then one (eigenvalue = 1.82), explaining 91% of the variation, with
sea ice extent strongly negatively loaded (-0.954) and sea surface temperature strongly
postively loaded onto factor one (0.954; Table 2.1). To look at fine-scale responses to
environmental change we averaged ePC1 scores over each GPS deployment period (see
Murre Field Sampling and GPS deployment below).

Murre Field Sampling and GPS Deployment
We conducted all fieldwork under the University of Windsor Animal Use Care Permit
(AUPP: 15-04), the McGill Animal Care permit (2015-7599), and Environment and
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Climate Change Canada collection and Animal Care permits (NUN-SCI-14-11, EC-PN14-017, EC-PN-15-017). We captured adult murres using a noose pole at nest sites during
the incubation and chick-rearing periods. We blood sampled murres within 3 minutes of
capture (to ensure the measurement of baseline physiology – see below), collecting one to
two mL of whole blood from the brachial or jugular vein using either a 26-guage needle,
heparinized capillary tube and heparinized Eppendorf tube (Digges Island), or a 25-guage
needle, 3 mL syringe and heparinized vacutainer (Coats Island). We kept blood samples
on ice, for a maximum 8 hours, until they could be processed. After collection in the
field, we centrifuged whole blood for 5 to 10 minutes at 10 000 rpm to separate plasma
from red blood cells. We then transferred plasma and red blood cells into separate
cryovials that we stored in a -80˚C cryo-shipper for the remainder of the field season. We
also took a smear of red blood cells for DNA sexing, following Elliott et al. (2010).
Following the field season, we transferred samples to a -80˚C freezer for storage until we
could run laboratory assays (see Energetic Physiology below).
After blood sampling, we fit murres with a numbered aluminum metal band
(provided by the U.S. Fish and Wildlife Service bird banding lab, band is used as
individual ID later in models, see Statistical Analyses below) on their right tarsus and a
coloured Darvic band on their left tarsus for individual identification. We took body size
measurements from murres – wing length (mm; using a ruler), tarsus length (mm; using
calipers), bill depth (mm; using calipers), and body mass (g; using a cloth bag and Pesola
scale, or a kitchen scale and plastic container) – before fitting birds with GPS units
(Digges Island) or GPS accelerometers (Coats Island). We attached GPS units
(CatTraQ™, Catnip Technologies, 18g, 1.9% of body mass; Uria-100™, Ecotone, 16g,
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1.68% of body mass; AXY-Depth™, Technosmart, 6.5g, 0.68% of body mass) and GPS
accelerometers (AXY-Trek™, Technosmart, 18 g, 1.9% of body mass) to the dorsal
feathers of murres, 1-2 cm above the uropygial gland (a gland secreting oil that murres
use to preen and waterproof feathers thus needs to remain uncovered), using Tesa tape,
cable ties, and super glue (based on attachment methods from Paredes et al. 2005). We
left GPS devices on for 1 to 17 days (Digges mean ± SE = 4.1 ± 0.16 days; Coats mean ±
SE = 2.2 ± 0.05 days), after which we recaptured murres to collect a second blood
sample, measurements (mass only – as all other metrics remain static in adults), and
remove GPS devices.
We used standardized techniques at Coats Island to monitor breeding plots to
estimate lay date, hatch date, and fledge date at each nest site from 2014-2019 (following
Gaston et al. 2009). Median lay date and hatch dates were then calculated for each year.
Since infrastructure limitations at Digges Island precluded nest monitoring, median lay
dates and hatch dates from Coats Island were used from respective years as estimates.

Measurement of Energetic Physiology
We quantified energetic biomarkers – plasma triglycerides (TRIG), baseline
corticosterone (bCORT), beta-hydroxybutyrate (B-OH), and non-esterified fatty acids
(NEFA), from collected plasma samples so we could use post-foraging levels and ratios
(post-foraging levels/pre-foraging levels) of energetic biomarkers as estimates of
foraging success. We used a previously validated commercially available assay kit
(#TR0100-1KT; Sigma Aldrich, USA; Williams et al. 2007) to measure total and free
glycerol from plasma. To measure free glycerol, we ran plasma (8 μL) diluted with
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ultrapure water (8 μL) in duplicate with control plasma (Sigma-Aldrich, USA), a standard
curve of the kit for the glycerol standard (Hennin et al. 2015), and glycerol reagent (240
μL), and measured the solution with a spectrophotometer at 540 nm. To obtain a
measurement of total glycerol we added a triglyceride reagent (60 μl) to the solution and
measured the solution with a spectrophotometer at 540 nm. We obtained the final TRIG
concentration (mmol/L) by taking the difference between free and total glycerol. To
measure bCORT concentration (ng/mL) we first extracted samples by placing 20 µL of
plasma in a tube with 1 mL of distilled water and 5 mL of dichloromethane. We first
vortexed the solution, then left the solution for two hours to separate. We transferred the
dichloromethane phase into a scintillation vial and placed the vial in a fume hood to
evaporate. Following evaporation, we added an assay buffer to rehydrate the samples and
we vortexed the samples for 30 seconds. We assayed samples using a commercial
enzyme-linked immunoassay kit (EIA; Assay Designs, USA) at a 1:40 dilution in
triplicate (Hennin et al. 2015). To calculate coefficients of intra- and inter-assay variation
all samples were run with a control within and across assay plates. We measured B-OH
concentration (mmol/L) in duplicate using a previously-validated kinetic assay (SIGMA,
Guglielmo et al. 2002; Lamarre et al. 2017) by adding B-OH dehydrogenase reagent (2
μL) and reagent buffer (2 μL) to plasma (11 μL) or standard (11 μL) then measuring
absorbance with a spectrophotometer at 492 nm. We used a commercially available assay
kit to measure NEFA (NEFA HR2, Wako Diagnostics, USA; Smith et al. 2007; Jeanniard
du Dot et al. 2009). We ran all samples in duplicate, adding acyl-CoA synthase,
adenosine triphosphate, and CoA to plasma (5 μL) to form acyl-CoA. We obtained NEFA
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concentrations (mmol/L) by oxidizing samples and measuring the solution with a
spectrophotometer at 550 nm.

Foraging Metrics and Average Daily Energy Expenditure
We conducted the processing of GPS and GPS accelerometer data and the extraction of
foraging metrics in R 4.02 (R Core Team 2020). We considered murres to be in a
foraging trip if they were greater than 1 km away from the colony. Within a trip, we
considered murres to be flying if their ground speed was greater than 14.4 km/h and when
ground speed was less than 14.4 km/h we considered them to be swimming. To
summarize foraging trips, we calculated the maximum distance travelled (the furthest
distance from the colony; km), total distance travelled (km), and trip duration (hours). To
summarize activity over the entire deployment period for each individual we calculated
the maximum trip distance (km), average daily distance travelled (km), mean trip
distance (km), mean trip duration (hours), and number of trips per day from foraging
trips. We used the duration a murre spent flying (TFlying; hours), at the colony (TColony;
hours), and swimming (TSwimming; hours), over the deployment period to estimate average
daily energetic expenditure (DEE; kJ/hr) using the equation:
𝐷𝐸𝐸= 32.0∗𝑇𝐶𝑜𝑙𝑜𝑛𝑦 + 532.8∗𝑇𝐹𝑙𝑦𝑖𝑛𝑔 + 99.0∗𝑇𝑆𝑤𝑖𝑚𝑚𝑖𝑛𝑔
𝐷𝑒𝑝𝑙𝑜𝑦𝑚𝑒𝑛𝑡 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛∗24

, where constants are the amount of

energy (kJ) used during each activity estimated previously by Elliott et al. (2013). Murres
at Coats Island have sex-stereotyped foraging behaviour, where males are on the nest
during the day and forage at night, whereas females are on the nest during the evening
and forage during the day, therefore any birds from Coats Island that were not able to be
sexed using DNA were sexed behaviourally (Elliott et al. 2010). If a murre was
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consistently at the colony between 23h30 and 3h30 it was classified as female, whereas if
a bird was at the colony between 11h30 and 15h30 it was classified as male (previously
shown to be 100% accurate compared to DNA sexing, unpublished data, K. Elliott,
person. comm.).
We ran a principal components analysis (PCA) to collapse down the multiple
foraging variables we extracted from GPS units during both the incubation and chickrearing periods. The incubation PCA generated a single eigenvalue greater than one,
explaining 64.3% of the variation, with maximum distance, average daily distance, mean
trip distance, and mean trip time strongly positively loaded onto factor one and number of
trips per day strongly negatively loaded onto factor (fPC1; Table 2.2). The chick-rearing
PCA generated two eigenvalues greater than one, collectively explaining 86.5% of the
variation, where maximum distance, mean trip distance, and mean trip time were strongly
positively loaded onto factor one, and number of trips per day was strongly negatively
loaded onto factor one. Average daily distance weakly loaded onto factor one and was the
only variable strongly loaded onto factor two. We therefore chose to remove this term
from the PCA and test this variable separately. After removal of average daily distance
from the PCA we had a single eigenvalue greater than one, explaining 75.5% of the
variation, where maximum distance, mean trip distance, and mean trip duration were
strongly positively loaded onto factor one and number of trips per day was strongly
negatively loaded onto factor one (fPC1; Table 2.3).
To quantify the foraging area of murres for each breeding period and study year
we performed a kernel density analysis. We calculated the 95% and 50% utilization
distributions from foraging locations (GPS locations categorized as on the water;
32

excluding locations categorized as flying or at the colony) using the ‘kernelUD’ and
‘getverticeshr’ functions from the adehabitatHR package, and the ‘href’ ad hoc method
to estimate smoothing parameters (Calenge 2006). The 95% utilization distributions
represent the majority of the foraging range area, whereas the 50% utilization distribution
represents the core foraging area. To examine spatial similarity of foraging ranges i.e.,
the 95% utilization distributions between years for each breeding period at each colony
we calculated the Bhattacharyya’s affinity index using the ‘kerneloverlap’ function.
Bhattacharyya’s affinity index (BA) ranges from 0 to 1, where 0 indicates zero spatial
overlap (low spatial similarity) and 1 indicates complete spatial overlap (high spatial
similarity, where BA is the output of a pairwise comparison between two utilization
distributions [UDi (x, y) and UDj (x, y)]: 𝐵𝐴 = ∫𝑥 ∫𝑦 √𝑈𝐷𝑖 (𝑥, 𝑦) × √𝑈𝐷𝑗 (𝑥, 𝑦)
(Fieberg and Kochanny 2005).

Statistical Analysis
Environmental Conditions
We ran a Kruskall-Wallis test using the ‘kruskall.wallis’ function, followed by a pariwise
Wilcox-test with a Bonferonni p-value adjustment using the ‘pairwise.wilcox.test’ function
on our ePC1 scores (sea ice extent and sea surface temperature), to compare and ultimately
categorize years as high ice regime years (high ice, cool) or low ice regime years (low ice,
warm).

Foraging, Average Daily Energetic Expenditure, and Physiology Models
As foraging behaviour is known to vary between breeding periods as a result of the
demands of chick-provisioning (Croll et al. 1991; Gaston and Hipfner 2006; Elliott et al.
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2009) we ran separate analyses for incubation and chick-rearing periods for all models.
We fit linear mixed models (LMMs) and generalized linear mixed models (GLMMs)
using the lme4 package (Bates et al. 2015) respectively using the ‘lmer’ function and the
‘glmer’ function with a gamma distribution and a log link, the base R function ‘lm’ was
used to fit linear models (when low number of repeated individuals precluded the use of
mixed models), and to ensure model assumptions were met for fixed and random effects
we visually inspected residuals versus fitted value plots to assess homogeneity of
variance and quantile-quantile plots to assess normality. We fit full models using
maximum likelihood estimation and used likelihood ratios tests (LRT) to test for
significance of fixed effects, if interactions were nonsignificant (p > 0.05) they were
removed from the model. To assess model fit we applied an information-theoretic
approach, using the ‘dredge’ function from the MuMIn package, which ranks models
using the Akaike Information Criterion (AIC) corrected for small samples sizes (AICc;
Barton 2020; see Appendix A: Appendix 1- 6 for model comparisons). We then re-fit
models using restricted maximum likelihood estimation (REML) and used the ‘summary’
function from the lmertest package (Kuznetsova et al. 2017) to obtain t-statistics and pvalues, if interactions were significant (p < 0.05) pairwise comparisons were made with a
Tukey’s HSD test using the emmeans package (Lenth 2020). Using the
‘r.squaredGLMM’ from the MuMIn package we calculated marginal R2 (𝑟𝑚2 ; the
proportion of variance in the model explained by the fixed effects) and conditional R2
(𝑟𝑐2 ; the proportion of variance in the model explained by both fixed and random effects)
for all models (Nakagawa et al. 2017; Barton 2020).
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To test for an inter-colony effect on foraging behaviour (fPC1 - maximum distance,
average daily distance, mean trip distance, mean trip duration, and number of trips per
day) at broad-scale environmental conditions (sea ice regime) during the incubation
period we fit an LMM with sea ice regime, colony, and sex as fixed effects, with year and
start date of GPS deployment fit as random effects to control for temporal autocorrelation
and band as a random effect to control for repeated individuals, and fPC1 (maximum
distance, average daily distance, mean trip distance, mean trip duration, and daily number
of trips) as the response variable. As we could not fit an interaction between sea ice and
colony we then fit LMMs respectively for each sea ice regime with colony, sex, and their
interaction included as fixed effects, year included as a fixed effect to control for residual
variation, and the start date of GPS deployment included as a random effect to control for
temporal autocorrelation, and fPC1 (maximum distance, average daily distance, mean trip
distance, mean trip duration, and number of trips per day) as the response variable and
respectively for each colony, with sea ice regime, sex and their interaction included as
fixed effects, year included as a fixed effect to control for residual variation, and the start
date of GPS deployment included as a random effect to control for temporal
autocorrelation, and fPC1 (maximum distance, average daily distance, mean trip distance,
mean trip duration, and daily number of trips) as the response variable. To test for an
inter-colony effect on foraging behaviour (fPC1 - maximum distance, average daily
distance, mean trip distance, mean trip duration, and number of trips per day) at finescale environmental conditions (ePC1 – sea ice extent and sea surface temperature)
during the incubation period we fit an LMM with ePC1, colony, and sex as fixed effects
with year and band included as random effects. As we could not fit an interaction
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between ePC1 and colony during the incubation period we then fit additional separate
LMMs for each colony to test for an intra-colony effect of fine-scale environmental
conditions (ePC1 – sea ice extent and sea surface temperature) on foraging behaviour
(fPC1 – maximum distance, average daily distance, mean trip distance, mean trip
duration, and daily number of trips) with ePC1, sex, their interaction, and year included
as fixed effects, and the start date of GPS deployment included as a random effect.
To test for an inter-colony effect on foraging behaviour (average daily distance and
fPC1 – maximum distance, mean trip distance, mean trip duration, and number of trips
per day) at broad-scale environmental conditions (sea ice regime) during the chickrearing period we fit an LMM with sea ice regime and the interaction of colony and sex
as fixed effects, with year and start date of GPS deployment fit as random effects,
respectively with average daily distance or fPC1 (maximum distance, mean trip distance,
mean trip duration, and number of trips per day) as the response variables. As we could
not fit an interaction between sea ice regime and colony we then fit LMMs respectively
for each sea ice regime with colony, sex, and their interaction included as fixed effects,
year included as a fixed effect to control for residual variation, and the start date of GPS
deployment included as a random effect and respectively for each colony, with sea ice
regime, sex and their interaction included as fixed effects, year included as a fixed effect
to control for residual variation, and the start date of GPS deployment included as a
random effect. Finally, to test for an inter-colony effect on foraging behaviour (average
daily distance and fPC1 – maximum distance, mean trip distance, mean trip duration, and
number of trips per day) at fine-scale environmental conditions (ePC1) during the
incubation period we fit an LMM with the ePC1, colony, sex, and the interaction of
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colony and ePC1 and the interaction of colony and sex as fixed effects with year and
band included as random effects.
To test for an inter-colony effect of foraging behaviour (fPC1 - maximum distance,
average daily distance, mean trip distance, mean trip duration, and number of trips per
day) on average daily energetic expenditure (DEE) at broad-scale environmental
conditions (sea ice regime) during the incubation period we fit an LMM with sea ice
regime, colony, the interaction between sea ice and colony, interaction between colony
and fPC1 and sex as fixed effects, with band fitted as a random effect, and average daily
energetic expenditure as the response variable. To test for an inter-colony effect of
foraging behaviour (fPC1 - maximum distance, average daily distance, mean trip
distance, mean trip duration, and number of trips per day) on average daily energetic
expenditure at fine-scale environmental conditions (ePC1 – sea ice extent and sea surface
temperature) during the incubation period we fit an LMM with ePC1, colony, fPC1, the
interaction between ePC1, colony, and fPC1, sex and year as fixed effects with band
fitted as a random effect and average daily energetic expenditure as the response variable.
To test for an inter-colony effect of foraging behaviour (average daily distance and fPC1
– maximum distance, mean trip distance, mean trip duration, and number of trips per
day) on average daily energetic expenditure at broad-scale environmental conditions (sea
ice regime) during the chick-rearing period we fit an LMM with sea ice regime, colony,
fPC1, and the interaction between sea ice regime, colony, and fPC1, sex, the interaction
between colony and sex, average daily distance, and year as fixed effects, with band
fitted as a random effect, and average daily energetic expenditure as the response
variable. To test for an inter-colony effect of foraging behaviour (average daily distance
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and fPC1 – maximum distance, mean trip distance, mean trip duration, and number of
trips per day) on average daily energetic expenditure at fine-scale environmental
conditions (ePC1 – sea ice extent and sea surface temperature) during the chick-rearing
period we fit the interaction between ePC1, colony, and fPC1, the interaction between
ePC1 and average daily distance, and the interaction between colony and sex, and year as
fixed effects with band fitted as a random effect and average daily energetic expenditure
as the response variable.
To test for inter-colony effects of foraging behaviour (fPC1 – maximum distance,
average daily distance, mean trip distance, mean trip duration, and number of trips per
day) on foraging success and energetic demand (physiological metrics) at broad-scale
environmental conditions (sea ice regime) during the incubation period we fit LMMs
with the interaction of colony, sea ice regime, and fPC1 and the interaction of colony and
sex as fixed effects, with band fitted as a random effect to account for repeated
individuals and start date of GPS deployment fitted as a random effect to account for
temporal autocorrelation, and response variables were respectively post-foraging TRIG
levels (log-scaled), TRIG ratio (post-foraging TRIG/pre-foraging TRIG; log-scaled),
post-foraging bCORT levels (log-scaled), bCORT ratio (post-foraging bCORT/preforaging bCORT; log-scaled), post-foraging B-OH levels (log-scaled), B-OH ratio (postforaging B-OH/pre-foraging B-OH; log-scaled), as we only had NEFA levels for one
year (2019) it was excluded from this analysis. To test for inter-colony effects of foraging
behaviour (fPC1 - maximum distance, average daily distance, mean trip distance, mean
trip duration, and number of trips per day) on foraging success and energetic demand
(physiological metrics) at fine-scale environmental conditions (ePC1 – sea ice extent and
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sea surface temperature) during the incubation period LMMs were fit with the interaction
of ePC1, colony, and fPC1, and the interaction of colony and sex with band fitted as a
random effect to account for repeated individuals and response variables were
respectively post-foraging TRIG levels (log-scaled), TRIG ratio (post-foraging
TRIG/pre-foraging TRIG; log-scaled), bCORT levels (log-scaled), bCORT ratio (postforaging bCORT/pre-foraging bCORT; log-scaled), B-OH levels (log-scaled), B-OH
ratio (post-foraging B-OH/pre-foraging B-OH; log-scaled). Due to low number of
repeated individuals with post-foraging NEFA levels (log-scaled) and NEFA ratio (postforaging NEFA/pre-foraging NEFA; log-scaled) we fit linear models with the fixed
effects described above for NEFA, removing any repeated individuals using the distinct
function in R.
As we only have physiology samples during the chick-rearing period for one year
(2019) we could only test for inter-colony effects of foraging behaviour (average daily
distance and fPC1 – maximum distance, mean trip distance, mean trip duration, and
number of trips per day) on foraging success and energetic demand (physiological
metrics) at fine-scale environmental conditions (ePC1 – sea ice extent and sea surface
temperature), to do so we fit LMMs or linear models (when repeated samples were low)
with the interaction of ePC1, colony, and fPC1, the interaction of ePC1 and average daily
distance, the interaction of colony and sex, and year as fixed effects with band fitted as a
random effect to account for repeated individuals (for LMMs), and response variables
were respectively post-foraging TRIG levels (log-scaled), TRIG ratio (log-scaled),
bCORT levels (log-scaled), bCORT ratio (post-foraging bCORT/pre-foraging bCORT ;
log-scaled), B-OH levels (log-scaled), B-OH ratio (post-foraging B-OH/pre-foraging B39

OH; log-scaled), and post-foraging NEFA levels (log-scaled), NEFA ratio (post-foraging
NEFA/pre-foraging NEFA; log-scaled).

RESULTS
Inter-Colony Variation in Environmental Conditions
Enivironmental conditions (ePC1 – sea ice extent and sea surface temperature) differed
between years at both the Coats Island (2 = 27.8, df = 2, padjusted < 0.0001) and Digges
Island colonies (2 = 29.4, df = 2, padjusted < 0.0001). At Coats Island, 2018 differed from
both 2017 (padjusted = 0.0005) and 2019 (padjusted < 0.0001), whereas 2017 and 2019 did not
differ from eachother (padjusted = 0.10). We therefore classified 2018 as a cool, high ice
year (high ice regime) whereas 2017 and 2019 were classified as warm, low ice years
(low ice regime; Figure 2.2, 2.3, and 2.4). At Digges, 2015 differed from both 2014
(padjusted < 0.0001) and 2016 (padjusted < 0.0001), whereas 2014 and 2016 did not differ
from one another (padjusted = 1.00). Thus 2015 was categorized as a cool, high ice year
(high ice regime), whereas 2016 and 2014 were categorized as warm, low ice years (low
ice regime; Figure 2.2, 2.5, and 2.6).

Inter-Colony Variation in Foraging Area
Coats Island Murre Colony
During the incubation period the overall foraging area was largest during 2019 (foraging
area = 3709 km2; Figure 2.7), although there was high spatial overlap with 2018 (BA =
0.83, foraging area = 3646 km2; Figure 2.7). Overall foraging area was the smallest
during the 2017 incubation period (1639 km2; Figure 2.7), where 2017 had moderate
spatial similarity with 2018 (BA = 0.60) and 2019 (BA = 0.61). There was high spatial
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similarity between all years during the chick-rearing period (BA 2017 – 2018 = 0.82; BA
2017 – 2019 = 0.88; BA 2018 – 2019 = 0.85), where 2019 had the largest overall
foraging area (2090 km2; Figure 2.7), followed by 2017 (1625 km2; Figure 2.7), and 2018
(1443 km2; Figure 2.7).
Digges Island Murre Colony
During the incubation period the overall foraging area was largest in 2015 (foraging area
= 50474 km2; Figure 2.8), where there was moderate spatial similarity with 2014 (BA =
0.61; foraging area = 23855 km2; Figure 2.8). Similarly, during the chick-rearing period
overall foraging area was largest in 2015 (foraging area = 25467 km2; Figure 2.8), where
there was moderate spatial similarity with 2014 (BA = 0.69; foraging area = 12040 km2)
and 2016 (BA = 0.60, foraging area = 9503 km2). Spatial similarity was highest during
the chick-rearing periods of the low ice years (2014 and 2016; BA = 0.71; Figure 2.8).

Colony-Related Variation in Foraging Behaviour
Incubation Period
At the inter-colony level, we found an effect of colony on foraging behaviour (Digges:
mean fPC1 ± SE = 1.28 ± 0.18; Coats: mean fPC1 ± SE = -0.34 ± 0.04; Table 2.4; Figure
2.9), where murres at Digges made fewer trips that were longer and further from the
colony than foraging trips at Coats, regardless of sea ice regime (Table 2.4). There was
no interaction between colony and sex (LRT: χ2 = 0.02, p = 0.90) in the low ice regime
model, therefore the interaction was removed. We also found that foraging behaviour was
negatively correlated with fine-scale environmental conditions (ePC1; Table 2.5; Figure
2.10): when sea ice extent was high and sea surface temperature was low (low ePC1)

41

murres foraged further, but made fewer trips (high fPC1). At the intra-colony level,
murres at Coats foraging in a low ice regime made more trips, but these were shorter in
distance and duration (mean fPC1 ± SE = -0.45 ± 0.05) compared to high ice years (mean
fPC1 ± SE = -0.22 ± 0.06; Table 2.4; Figure 2.9), after removing a nonsignificant
interaction between sea ice regime and sex from the Coats sea ice regime model (LRT: χ2
= 1.42, p = 0.23). We also found that foraging behaviour was negatively correlated with
fine-scale environmental conditions (ePC1) at Coats Island during incubation (Table 2.5),
after removing a nonsignificant interaction between ePC1 and sex in the fine-scale
environmental conditions model (LRT: χ2 = 0.40. p = 0.53). Finally, we found an effect
of sex on foraging at Coats, where males made more and shorter trips (males: mean fPC1
± SE = -0.40 ± 0.05; females: mean fPC1 ± SE = -0.22 ± 0.08; Table 2.5). Similar to the
intra-colony results for Coats, murres foraging at Digges made more and shorter trips
under low ice regimes (mean fPC1 ± SE = 0.76 ± 0.13) compared to high ice regimes
(mean fPC1 ± SE = 1.81 ± 0.31; Table 2.4; Figure 2.9), after removing the nonsignificant
interaction between sea ice regime and sex from the Digges sea ice regime model (LRT:
χ2 = 0.04, p = 0.85). Despite an effect of sea ice regime on fPC1 at Digges during
incubation, we found no correlation between ePC1 and fPC1 (Table 2.5), after removing
a nonsignificant interaction between ePC1 and sex in the environmental conditions model
(LRT: χ2 = 0.01, p = 0.93). Unlike murres at Coats Island, we did not find an effect of
sex on foraging behaviour of murres at Digges Island (Table 2.5).
Chick-rearing Period
Similar to incubation, at the inter-colony level we found an effect of colony on foraging
behaviour (Digges: mean fPC1 ± SE = 0.73 ± 0.07; Coats: mean fPC1 ± SE = -0.67 ± 0.04;
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Table 2.6; Figure 2.11), where murres at Digges made fewer trips of longer distance and
duration than foraging trips at Coats, regardless of sea ice regime (Table 2.6). In the low
ice regime model, there was an interaction between colony and sex (LRT: χ2 = 7.70, p =
0.007), but no interaction in the high ice regime model (LRT: χ2 = 0.70, p = 0.40), therefore
the interaction was removed. Additionally, we found an interaction between colony and
fine-scale environmental conditions (ePC1) on foraging behaviour (fPC1), where fPC1 was
positively correlated with ePC1 at Digges: as sea surface temperature increased and sea ice
extent decreased (high ePC1), foraging trips were further and longer, with fewer trips made
overall (Table 2.6). However, there was no relationship between fPC1 and ePC1 at Coats.
Despite inter-colony variation in fPC1, the average daily distance travelled by murres did
not differ between colonies (Table 2.7; Figure 2.12) after removal of the nonsignificant
interaction between sea ice regime and colony (LRT: χ2 = 0.49, p = 0.48). However, finescale environmental conditions (ePC1) were positively correlated with average daily
distance (Table 2.7): as sea surface temperature increased and sea ice extent decreased
(high ePC1) the average daily distance travelled by murres increased, after removal of
nonsignificant interactions between colony and ePC1 (LRT: χ2 = 0.84, p = 0.34) and colony
and sex (LRT: χ2 = 0.64, p=0.42) from the fine-scale environmental conditions model. At
the intra-colony level, we found no effect of sea ice regime on fPC1 at Coats during chickrearing (Table 2.6; Figure 2.11), after removing a nonsignificant interaction between sea
ice regime and sex (LRT: χ2 = 0.60, p = 0.44). Conversely, at Digges there was an effect
of sea ice regime on fPC1 during chick-rearing, where similar to incubation, murres made
more trips of shorter distance and duration under a low ice regime (mean fPC1 ± SE = 0.44
± 0.06) compared to a high ice regime (mean fPC1 ± SE = 1.52 ± 0.15; Table 2.6; Figure
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2.11), after removal of the nonsignificant interaction between sea ice regime and sex (LRT:
χ2 = 0.02, p = 0.89).

Colony-Related Variation in Average Daily Energetic Expenditure
Incubation Period
Murre average daily energetic expenditure (DEE) did not differ between colonies
(Digges: mean DEE ± SE = 2577.8 ± 66.4; Coats: mean DEE ± SE = 2115.0 ± 24.0) or
sea ice regimes, after removing a nonsignificant interaction between colony and sea ice
regime (LRT: χ2 = 0.48, p = 0.49) in the sea ice regime model (Table 2.8). However, we
found a positive relationship between foraging behaviour (fPC1) and daily energetic
expenditure (Table 2.8): as foraging trip length, duration, and average daily distance
increased, and number of trips decreased, daily energetic expenditure increased, where
the slope of the relationship is lower at Digges (Table 2.8). Despite no difference in daily
energetic expenditure across sea ice regimes, there was an interactive effect of colony,
ePC1, and fPC1 on daily energetic expenditure (Table 2.8), after removal of a
nonsignificant interaction between colony and sex (LRT: χ2 = 2.46, p = 0.12) from the
fine-scale environmental conditions model. For high fPC1 scores (longer trips, fewer
trips) at Coats there was a negative relationship between daily energetic expenditure and
ePC1, as ePC1 increased (decrease in sea ice extent, increase in sea surface temperature)
average daily energetic expenditure declined. The opposite trend was seen at Digges,
where for high fPC1 scores (fewer trips, longer trips) as ePC1 increased (decrease in sea
ice extent, increase in sea surface temperature) average daily energetic expenditure
increased.
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Chick-rearing Period
In contrast to the incubation period, we found an interactive effect of sea ice regime and
colony on average daily energetic expenditure (Table 2.9), after removing nonsignificant
interactions between colony, sea ice regime, and fPC1 (LRT: χ2 = 1.31, p = 0.25), colony
and fPC1 (LRT: χ2 = 2.95, p = 0.09), and colony and sex (LRT: χ2 = 1.37, p = 0.24) from
the sea ice regime model. While average daily energetic expenditure did not vary
between sea ice regimes at Coats (Tukey’s HSD: t = -3.67, p = 0.15) or Digges (Tukey’s
HSD: t = 3.54, p = 0.12), average daily energetic expenditure at Digges under a high ice
regime was higher than average daily energetic expenditure at Coats in low (Tukey’s
HSD: t = 3.99, p = 0.05) and high ice regime years (Tukey’s HSD: t = -6.14, p = 0.01).
Additionally, while we found an expected positive relationship between average daily
distance travelled by murres and average daily energetic expenditure (Table 2.9, Fig
2.13), there was no relationship between fPC1 and average daily energetic expenditure
(Table 2.9). In contrast to the incubation period, there was also no effect of ePC1 on
average daily energetic expenditure (Table 2.9), after removing nonsignificant
interactions between colony, fPC1, ePC1 (LRT: χ2 = 1.34, p = 0.25), colony and sex
(LRT: χ2 = 1.21, p = 0.27), average daily distance and ePC1 (LRT: χ2 = 2.54, p = 0.11),
colony and fPC1 (LRT: χ2 = 3.18, p = 0.07), and fPC1 and ePC1 (LRT: χ2 = 2.33, p =
0.13).

Colony-Related Variation in Energetic Physiology
Incubation
Plasma Triglycerides (TRIG)
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We found an interactive effect between colony, sea ice regime and fPC1 on post-foraging
TRIG levels (Table 2.10), after removing a nonsignificant interaction between colony and
sex (LRT: χ2 = 0.52, p=0.47) in the sea ice regime model. At Coats during both high and
low sea ice regimes there was a weak negative relationship between post-foraging TRIG
levels and fPC1: high fPC1 scores (fewer trips, longer trips) were associated with lower
post-foraging TRIG (lower foraging success). Similarly, we found the same relationship
at Digges during high ice regimes, however, the opposite trend was observed in a low ice
regime, where we found a stronger positive relationship between post-foraging TRIG
levels and fPC1: murres at Digges with high fPC1 scores (fewer trips, longer trips) had
elevated post foraging TRIG values (higher foraging success). We also found an
interactive effect of colony and fPC1, as well as fPC1 and ePC1 on post-foraging TRIG
levels (Table 2.10), after removing nonsignificant effects between colony, fPC1, and
ePC1 (LRT: χ2 = 0.17, p = 0.68) and colony and sex (LRT: χ2 = 0.81, p = 0.37) from the
fine-scale environmental conditions model. At Coats there was a negative relationship
between fPC1 and post-foraging TRIG levels: as fPC1 scores increased (fewer trips,
longer trips) post-foraging TRIG levels (foraging success) declined. The opposite trend
was observed at Digges, where post foraging TRIG values (foraging success) increased
as fPC1 scores increased. For the interaction between fPC1 and ePC1, at low ePC1 scores
(high sea ice extent, low sea surface temperature) there was negative relationship with
fPC1 scores and post-foraging TRIG levels but as ePC1 scores increased (low sea ice
extent, high sea surface temperature) the relationship between fPC1 and post-foraging
TRIG levels was positive: fewer trips, longer trips were associated with higher postforaging TRIG levels (higher foraging success).

46

In contrast to post-foraging TRIG levels, we only found an interactive effect of
colony and fPC1 on TRIG ratio (Table 2.10), after removing the nonsignificant effects of
colony, sea ice regime, and fPC1 (LRT: χ2 = 1.22, p = 0.27), colony and sea ice regime
(LRT: χ2 =0.74, p = 0.39), and colony and sex (LRT: χ2 = 2.97, p = 0.08) from the sea
ice regime model. At Coats TRIG ratio declined with increasing fPC1 scores: higher
TRIG ratios (higher foraging success) were associated with murres making shorter trips
and more trips. The opposite trend was observed at Digges, where TRIG ratio increased
with fPC1 scores: higher TRIG ratios (higher foraging success) were associated with
fewer trips, and longer trips. The interactive effect of ePC1 and fPC1 on TRIG ratio was
nonsignificant (Table 2.10), after removing nonsignificant effects between colony, fPC1,
and ePC1 (LRT: χ2 = 0.10, p = 0.76) and colony and sex (LRT: χ2 = 2.20, p = 0.14).
Baseline Corticosterone (bCORT)
We found an interaction between colony and sea ice regime on post-foraging bCORT
levels (Table 2.11), after removing nonsignificant interactions between colony, sea ice
regime, and fPC1 (LRT: χ2 = 0.19, p =0.66), colony and sex (LRT: χ2 = 0.00, p = 0.99)
and colony and fPC1 (LRT: χ2 = 0.01, p = 0.90) in the sea ice regime model. Postforaging bCORT levels did not vary between sea ice regimes at Coats (Tukey’s HSD: t =
1.24, p = 0.61) or Digges (Tukey’s HSD: t = -1.41, p = 0.50). Under a low sea ice regime
Coats Island murres had lower post-foraging bCORT levels (reduced energetic demand
and higher foraging success) than murres at Digges under both low ice (Tukey’s HSD: t =
-5.27, p < 0.0001) and high ice regimes (Tukey’s HSD: t = -3.21, p = 0.01). Additionally,
under a high ice regime Coats Island murres also had lower post CORT values (reduced
energetic demand, higher foraging success) than murres at Digges under both low
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(Tukey’s HSD: t = -4.58, p = 0.0001) and high ice regimes (Tukey’s HSD: t = -2.76, p =
0.03). We also found a negative relationship between fPC1 and post-foraging bCORT
levels (Table 2.11), where higher fPC1 scores (fewer trips, longer trips) were associated
with lower post-foraging bCORT levels (reduced energetic demand, higher foraging
success). However, we found no relationship between ePC1 and post-foraging bCORT
levels (Table 2.11), after removing nonsignificant interactions between colony, ePC1, and
fPC1 (LRT: χ2 = 0.19, p = 0.66), colony and sex (LRT: χ2 = 0.29, p = 0.59), colony and
fPC1 (LRT: χ2 = 0.16, p = 0.68), and fPC1 and ePC1 (LRT: χ2 = 0.39, p = 0.53) from the
fine-scale environmental conditions model.
Similar to post-foraging bCORT levels, we found a negative relationship
between fPC1 and bCORT ratio, after removing non-significant interactions between
colony, sea ice regime, and fPC1 (LRT: χ2 = 0.00, p = 0.99), colony and sex (LRT: χ2 =
0.05, p = 0.83), colony and sea ice regime (LRT: χ2 = 0.02, p = 0.90), and colony and
fPC1 (LRT: χ2 = 0.003, p = 0.96) in the sea ice regime model. Lower bCORT ratio
(reduced energetic demand, higher foraging success) are associated with higher fPC1
scores (fewer trips, longer trips). We also found a sex effect on bCORT ratio (Table
2.11), where females had higher bCORT ratio (increased energetic demand, lower
foraging success; Females: mean log bCORT ratio ± SE = 0.69 ± 0.15; Males: mean log
bCORT ratio ± SE = 0.25 ± 0.12). In contrast to post-foraging bCORT levels, we found
an interactive effect of fPC1 and ePC1 on bCORT ratio (Table 2.11), after removing
nonsignificant interactions between colony, fPC1, and ePC1 (LRT: χ2 = 0.22, p = 0.64),
colony and sex (LRT: χ2 = 0.01, p = 0.94), colony and fPC1 (LRT: χ2 = 0.03, p=0.87),
and fPC1 and ePC1 (LRT: χ2 = 6.53, p = 0.01) from the fine-scale environmental
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conditions model. There was a stronger negative relationship between bCORT ratio and
fPC1 at low ePC1 scores: at low ePC1 scores (high sea ice extent, low sea surface
temperature) low bCORT ratio (reduced energetic demand, higher foraging success) was
associated with high fPC1 scores (fewer trips, longer trips).
Beta-hydroxybutyrate (B-OH)
We found an interaction between colony and sea ice regime on post-foraging B-OH
levels (Table 2.12), after removing nonsignificant interactions between colony, sea ice
regime, and fPC1 (LRT: χ2 = 3.42, p = 0.06) and colony and fPC1 (LRT: χ2 = 1.95, p =
0.16) in the sea ice regime model. At Digges Island, post-foraging B-OH levels were
higher (increased energetic demand, lower foraging success) in a high ice regime (mean
log post-foraging B-OH levels ± SE = 0.46 ± 0.15) compared to a low ice regime (mean
log post-foraging B-OH levels ± SE = 0.02 ± 0.13; Tukey’s HSD: t = 7.51, p < 0.0001).
In contrast, at Coats post-foraging B-OH levels did not vary between sea ice regimes
(Tukey’s HSD: t = 0.36, p = 0.98). While post-foraging B-OH levels did not differ
between colonies under low ice regimes (Tukey’s HSD: t = 0.01, p = 1.00), post-foraging
B-OH levels at Coats under a high ice regime were lower (reduced energetic demand,
higher foraging success) than both post-foraging B-OH levels at Digges under a low ice
regime (Tukey’s HSD: t = -5.38, p < 0.0001) and a high ice regime (Tukey’s HSD: t = 5.78, p < 0.0001). We also found an interactive effect of colony and sex (Table 2.12),
where males had higher post-foraging B-OH levels (increased energetic demand, lower
foraging success) than females at Digges (Tukey’s HSD: t = -3.82, p = 0.001), however
there was no difference between sexes at Coats (Tukey’s HSD: t = 0.74, p = 0.88).
Additionally, we found a negative relationship between fPC1 and post-foraging B-OH
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levels: as murres made longer, further and fewer trips, post-foraging B-OH levels
decreased (reduced energetic demand, higher foraging success). Lastly, we found no
relationship between fine-scale environmental conditions (ePC1 – sea ice extent and sea
surface temperature) and log post-foraging B-OH (Table 2.12), after removing
nonsignificant interactions between colony, fPC1, ePC1 (LRT: χ2 = 0.01, p = 0.75),
colony and fPC1 (LRT: χ2 = 2.42, p = 0.12), and fPC1 and ePC1 (LRT: χ2 = 1.10, p =
0.29).
Similar to post-foraging B-OH levels, we found an interaction between colony
and sea ice regime on B-OH ratio, after removing nonsignificant interactions between
colony, sea ice regime, and fPC1 (LRT: χ2 = 1.13, p = 0.29), colony and sex (LRT: χ2 =
0.004, p = 0.95) and colony and fPC1 (LRT: χ2 = 0.56, p = 0.45). At Digges, B-OH ratio
was elevated (increased energetic demand, lower foraging success) in high ice years
(Tukey’s HSD: t = 5.64, p < 0.0001), however there was no effect of sea ice regime at
Coats (Tukey’s HSD: t = -1.53, p = 044). Similar to post-foraging B-OH levels, there was
a negative relationship between fPC1 and B-OH ratio: as murres made longer, further and
fewer trips, B-OH ratio declined (energetic demand decreased, foraging success
increased). Finally, we found an interaction between fPC1 and ePC1 on B-OH ratio
(Table 2.12), after removing nonsignificant interactions between colony, fPC1, and ePC1
(LRT: χ2 = 0.04, p = 0.85), colony and sex (LRT: χ2 = 0.05, p = 0.82) from the fine-scale
environmental conditions model. At low ePC1 scores (high sea ice extent, low sea
surface temperature) there was a positive relationship between fPC1 and B-OH ratio,
where low B-OH ratio (lower energetic demand, higher foraging success) was associated
with more and shorter trips. The opposite relationship occurred at high ePC1 scores (low
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sea ice extent, high sea surface temperature), where low B-OH ratio values (reduced
energetic demand, higher foraging success) were associated with fewer and longer trips.
Non-Esterified Fatty Acids (NEFA)
We found an effect of colony on post-foraging NEFA levels (Table 2.13), after removing
nonsignificant interactions between colony, ePC1, and fPC1 (F = 3.10, p = 0.08), colony
and sex (F = 0.18, p = 0.67), colony and fPC1 (F = 0.60, p = 0.34, and fPC1 and ePC1 (F
= 0.62, p = 0.44). Murres at Coats Island had lower post-foraging NEFA levels (reduced
energetic demand, higher foraging success; Coats: mean log post-foraging NEFA levels ±
SE = -1.31 ± 0.06; Digges: mean log post-foraging NEFA levels ± SE = -0.38 ± 0.10).
We found no effect of fPC1, ePC1, or sex on post-foraging NEFA levels (Table 2.13).
Conversely, there were no effects of colony on NEFA ratio, after removing
nonsignificant interactions between colony, ePC1 and fPC1 (F = 2.85, p = 0.10), colony
and sex (F = 0.77, p = 0.38), colony and fPC1 (F = 0.03 p = 0.85), and fPC1 and ePC1 (F
= 0.10, p = 0.81). Similar to post-foraging NEFA levels, there was no effect of fPC1,
ePC1 or sex on log NEFA ratio (Table 2.13).
Chick-rearing Period
Plasma Triglycerides (TRIG)
During the chick-rearing period we found an effect of average daily distance on postforaging TRIG levels (Table 2.14), after removal of nonsignificant interactions between
colony, fPC1, and ePC1 (F = 0.02, p = 0.90), ePC1 and average daily distance (F = 0.02,
p = 0.88), colony and sex (F = 0.02, p = 0.90), colony and fPC1 (F = 0.16, p = 0.69), and
fPC1 and ePC1 (F = 0.05, p = 0.83). As murres increased their average daily distance
travelled, post-foraging TRIG levels increased (foraging success increased). We also
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found a negative relationship between ePC1 and post-foraging TRIG levels: as ePC1
scores increased (increase in sea surface temperature) post-foraging TRIG levels
decreased (foraging success decreased). Additionally, we found that females had higher
post-foraging TRIG levels (higher foraging success) compared to males (Table 2.14;
Females: mean log post-foraging TRIG ± SE = 0.11 ± 0.07; Males: mean log postforaging TRIG ± SE = -0.33 ± 0.07). As 2015 (high ice regime) varied from 2014 (low
ice regime), there was an effect of sea ice regime at Digges, where under a high ice
regime post-foraging TRIG levels were lower (lower foraging success; Table 2.14).
Similar to post-foraging TRIG levels, there was a positive relationship between average
daily distance and TRIG ratio (Table 2.14; Figure 2.14), after removing nonsignificant
interactions between colony, fPC1, and ePC1 (F = 2.11, p = 0.15), ePC1 and average
daily distance (F = 0.10, p = 0.75), colony and fPC1 (F = 0.68, p = 0.42), and fPC1 and
ePC1 (F = 0.02, p = 0.90). Higher average daily distances were associated with higher
TRIG ratio values (higher foraging success; Figure 2.14). Similar to post-foraging TRIG
levels, there was a negative relationship between ePC1 and TRIG ratio: murres had more
successful foraging trips (higher TRIG ratio) at lower ePC1 scores (lower sea surface
temperature). However, there was an effect of sea ice regime at Digges, where murres in
a high ice regime (2015) had lower TRIG ratio values (lower foraging success) compared
to a low ice regime (2014).
Baseline Corticosterone (bCORT)
We found an effect of colony on post-foraging bCORT levels (Table 2.15), after
removing nonsignificant interactions between colony, fPC1, and ePC1 (LRT: χ2 = 0.68, p
= 0.41), ePC1 and average daily distance (LRT: χ2 = 1.90, p = 0.17), colony and sex
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(LRT: χ2 = 3.61, p = 0.06), colony and fPC1 (LRT: χ2 = 0.32, p = 0.57), and ePC1 and
fPC1 (LRT: χ2 = 0.67, p = 0.41). Murres at Coats Island had lower post-foraging bCORT
levels (reduced energetic demand, higher foraging success; Coats: mean log postforaging bCORT ± SE = 0.87 ± 0.10; Digges: mean log post-foraging bCORT ± SE =
1.98 ± 0.13). We also found a negative relationship between post-foraging bCORT levels
and average daily distance travelled (Table 2.15): as murres increased average daily
distance post-foraging bCORT levels declined (energetic demand decreased and foraging
success increased; Figure 2.15). Despite effects on post-foraging bCORT levels, there
were no effects of colony, fPC1, average daily distance, ePC1, or sex on log bCORT ratio
(Table 2.15), after removing nonsignificant interactions between colony, fPC1, and ePC1
(LRT: χ2 = 0.21, p = 0.64), ePC1 and average daily distance (LRT: χ2 = 0.10, p = 0.75),
colony and sex (LRT: χ2 = 0.80, p = 0.37), colony and fPC1 (LRT: χ2 = 1.03, p = 0.31)
and fPC1 and ePC1 (LRT: χ2 = 0.52, p = 0.47).
Beta-hydroxybutyrate (B-OH)
We found a three-way interaction of colony, fPC1, and ePC1 on post-foraging B-OH
levels (Table 2.16), after removing a nonsignificant interaction between colony and sex
(F = 0.36, p = 0.55). At Coats Island there was a strong negative relationship between
fPC1 and post-foraging B-OH levels at low ePC1 scores: when sea surface temperature
was lower murres had lower post-foraging B-OH levels (reduced energetic demand,
higher foraging success) when making fewer but longer trips (high fPC1 scores). We also
found an interactive effect of average daily distance and ePC1, where at low ePC1 scores
(lower sea surface temperature) there was a strong negative relationship with average
daily distance travelled by murres and post-foraging B-OH levels: as murres increased
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average daily distance travelled post-foraging B-OH levels decreased (reduced energetic
demand, higher foraging success; Table 2.16). Additionally, males had lower postforaging B-OH levels (reduced energetic demand, higher foraging success) than females
(Table 2.16; Males: mean log post-foraging B-OH ± SE = 0.37 ± 0.07; Females: mean
log post-foraging B-OH ± SE = 0.56 ± 0.06). However, we found no effects of colony,
fPC1, average daily distance, ePC1, or sex on B-OH ratio (Table 2.16), after removing
nonsignificant interactions between colony, fPC1, and ePC1 (F = 2.34, p = 0.13), ePC1
and average daily distance (F = 3.53, p = 0.06), colony and sex (F = 0.65, p = 0.42),
colony and fPC1 (F = 0.44, p = 0.51), and fPC1and ePC1 (F = 0.29, p = 0.59).
Non-Esterified Fatty Acids (NEFA)
We found an effect of colony on post-foraging NEFA levels (Table 2.17), after removing
nonsignificant interactions between colony, fPC1, and ePC1 (LRT: χ2 = 2.61, p = 0.11),
colony and sex (LRT: χ2 = 1.23, p = 0.27), ePC1 and average daily distance (LRT: χ2 =
2.75, p = 0.10), colony and fPC1 (LRT: χ2 = 2.85, p = 0.09), and fPC1 and ePC1 (LRT:
χ2 = 0.22, p = 0.64) from the model. Murres at Coats Island had lower post-foraging
NEFA levels (reduced energetic demand, higher foraging success) than murres at Digges
(Coats: mean log post-foraging NEFA ± SE = -1,01 ± 0.07; Digges: mean log postforaging NEFA ± SE = -0.26 ± 0.08). We also found an effect of sex (Table 2.17), where
males had lower post-foraging NEFA levels (reduced energetic demand, higher foraging
success; Males: mean log post-foraging NEFA ± SE = -0.95 ± 0.10; Females: mean log
post-foraging NEFA levels ± SE = -0.62 ± 0.08). However, there was no effect of fPC1,
average daily distance, or ePC1 (Table 2.17). Similar to post-foraging NEFA levels, there
was a sex effect on NEFA ratio (Table 2.18), after removing nonsignificant interactions
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between colony, fPC1, and ePC1 (F = 2.97, p = 0.09), colony and sex (F = 0.24, p =
0.63), ePC1 and average daily distance (F = 1.29, p=0.26), colony and fPC1 (F = 0.30, p
= 0.58), and ePC1 and fPC1 (F = 0.30, p = 0.58) from the model. Males had lower NEFA
ratios (reduced energetic demand, higher foraging success; Males: mean log NEFA ratio
± SE = -0.11 ± 0.09; Females: mean log NEFA ratio ± SE = 0.26 ± 0.08). Finally, there
was no effect of colony, fPC1, average daily distance, or ePC1 om log NEFA ratio (Table
2.18).

DISCUSSION
We examined how colony size impacted inter- and intra-colony foraging flexibility and
resulting average daily energetic expenditure and foraging success in response to broadand fine-scale environmental variability during two important breeding periods in Arcticbreeding thick-billed murres facing climate change. Although inter-annual environmental
variability has always been present within Arctic ecosystems, overall the Hudson Bay
region has seen a decline in summer sea ice extent over the past thirty years, resulting in a
greater magnitude of change in sea ice extent between years of contrasting conditions
(Gaston and Elliott 2014, Sorenson 2016). In our study, environmental conditions varied
significantly between years at both colony sizes. As earlier ice melt has led to a mismatch
in timing of sea ice algal and phytoplankton blooms, resulting in lower prey availability
and abundance in other Arctic regions, e.g., Svalbard, leading to reduced breeding
success of murres and little auks (Alle alle; Ramírez et al. 2017) we predicted that low ice
years with earlier ice melt would have reduced prey availability leading to increased
search effort and lower foraging success, requiring murres to flexibly adjust foraging
strategies (assuming they are capable). Indeed, murres adjusted behaviour in response to
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both broad-scale and fine-scale environmental change in both breeding periods, where
foraging success also varied in relation to broad-scale and fine-scale environmental
change and with foraging behaviour. Given larger colonies are expected to deplete
resources surrounding the colony at a much higher rate (see Introduction), we expected
relationships between environmental variation and both average daily energetic
expenditure and foraging success to be further exasperated by colony size. Indeed, birds
at the large colony had higher energetic demand (higher circulating levels of baseline
corticosterone and non-esterified fatty acids), coupled with complex behavioural and
physiological responses to environmental change. Here we examine in greater detail how
environmental variability impacted foraging behaviour, energy expenditure and resulting
success across the two colonies, and use these results to discuss the relative sensitivity
and therefore potential vulnerability of different colony sizes facing climate change.

Foraging Behaviour, Energy Expenditure and Foraging Success During Incubation
During the incubation period murres are only constrained by their partner’s ability to
remain at the nest; therefore foraging trips are longer during this time, allowing murres to
exploit more distant prey patches (Croll et al. 1991). We found that murres at the larger
colony travelled further distances and made longer but fewer trips compared to the
smaller colony as predicted by Ashmole’s halo hypothesis and supported empirically in
murres (Gaston et al. 2007; Elliott et al. 2009, Patterson et al., in prep), where larger
colonies deplete resources at a faster rate leading to larger foraging ranges. We saw both
broad-scale and fine-scale environmental impacts on foraging behaviour during
incubation at both colonies. However, while we predicted higher prey availability during
cooler, icier conditions (high ice regime) leading to shorter, closer foraging trips, birds at
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both colonies actually performed longer foraging trips that were more distant. While high
ice concentration has been shown to impede foraging of murres breeding at high Arctic
sites, e.g., Prince Leopold Island (Gaston et al. 2005a, 2005b), visual inspection of
foraging tracks overlaid on daily ice concentration maps suggests that ice was likely not a
constraining factor (i.e., ice was not physically impeding foraging at closer distances Eby,
A., unpubl. data). Although we observed no impacts of broad-scale environmental change
on daily energetic expenditure, we did find that average daily energetic expenditure
increased with foraging trip distance and duration, suggesting that visiting distant
foraging patches is energetically costly, a likely result of incredibly high-wing loading in
murres (Elliott et al. 2013). As optimal foraging theory predicts that individuals will
maximize energetic gain while minimizing energetic cost (MacArthur and Pianka 1966;
Pyke et al. 1977; Chimienti et al. 2017; Ratcliffe et al. 2018), it is therefore possible
murres were foraging at distant hotspots, adjacent to ice edges with high concentrations
of pelagic schooling fish (e.g., Arctic cod Boreogadus saida; LeBlanc et al. 2019).
Previous work combining at-sea seabird surveys with sea ice concentration mapping and
fish surveys found thick-billed murres were observed in proximity to Arctic cod, that
were ranging from 12 to 200 metres in depth, where Arctic cod in that depth range were
most frequently associated with 40-60% ice cover (LeBlanc et al. 2019).
Despite the possibility of accessing distant resources in high ice regime years we
observed significant variation in foraging success depending on inter-colony variation in
foraging strategies in response to broad-scale and fine-scale environmental change. At the
small colony (Coats Island) we found no difference in energetic demand (baseline
corticosterone and beta-hydroxybutyrate) between ice regimes, with murres having
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slightly higher foraging success when making shorter trips and more trips (elevated
triglycerides). Contrastingly, at the large colony (Digges Island) energetic demand was
higher (elevated beta-hydroxybutyrate) under a high ice regime, with murres having
slightly higher foraging success (elevated triglycerides) with shorter and more trips under
a high ice regime and higher foraging success when making fewer, longer trips under a
low ice regime. However, at both colonies fine-scale environmental conditions interacted
with foraging behaviour to influence foraging success, where under cooler conditions
with more ice, closer trips were associated with higher foraging success (elevated
triglycerides and lower beta-hydroxybutyrate). As energetic costs are higher overall when
foraging at greater distances (higher daily energetic expenditure), if murres can locate
prey at closer distances it is thus not surprising they would receive a greater payoff, i.e.,
higher foraging success, suggesting that distant foraging areas visited in high ice regime
years and in cooler, icier conditions were too far to offset the costs of increased flight
distance.
Why then would murres travel further distances to exploit foraging areas that
don’t offset the costs of increased flight distance? Historically, murres breeding and
foraging within Hudson Bay primarily fed on Arctic cod (Gaston and Elliott 2014), a fish
previously thought to be linked to sea ice due to associations with sea ice in early lifehistory stages (Pettitt-Wade et al. 2021). However, as ice underwent rapid declines in the
region in the 1990s, Arctic cod became less common and capelin (Mallotus villosus) and
sandlance (Ammodytes spp.) increased in abundance (Gaston and Elliott 2014). As chickprovisioning rates of murres were lower following the initial increase of capelin and
sandlance (Gaston and Elliott 2014), species typically associated with warmer Atlantic
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waters, it is possible murres may still exhibit a preference for Arctic cod, and therefore
may be searching for them at greater and greater distances. While lower baseline
corticosterone at both colonies suggests no energetic cost to these longer trips, elevated
beta-hydroxybutyrate levels may reflect longer fasting periods during incubation as a
result of longer trips by their partner. It is also possible that as Arctic cod have become
less prevalent in the system, with capelin and sandlance becoming the dominant
schooling fish, murres may now ironically perform more poorly than expected in high ice
regime years with cooler conditions (Vihtakari et al. 2018). In this circumstance, longer
foraging trips in high ice regime years could be a result of increased search time for prey,
due to lower prey availability of the dominant foraging fish, capelin and sandlance,
overall resulting in lower foraging success. Notably, in Svalbard, Norway researchers
have also observed an increase in sub-arctic, Atlantic fishes, e.g., capelin and Atlantic
herring (Clupea harengus), in the diet of black-legged kittiwakes (Rissa tridactyla), an
Arctic breeding seabird, where Atlantic fishes were negatively correlated with sea ice
index, i.e., more abundant in years with a lower sea ice index (Vihtakari et al. 2018).
Broadly, we saw that murres at a large colony had higher levels of baseline
corticosterone and non-esterified fatty acids compared to murres at a small colony,
suggesting higher energetic costs associated with more distant foraging at a large colony.
Similar average daily energetic expenditure outcomes for the colonies actually suggests
murres at the small colony receive higher payoffs during foraging (e.g., higher quality
prey or more prey captured) which again could be a reflection of prey availability and
depletion rates surrounding a large colony. Lastly, higher baseline corticosterone ratio in
females regardless of colony, foraging behaviour, or environmental conditions may
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reflect carry-over effects from the significant energetic costs associated with egg
production (Williams 2012; Hennin et al. 2015; Crossin et al. 2017). As environmental
impacts on foraging behaviour and foraging success did not support our predictions of
higher success in high ice regime years, this highlights the complexity of trophic
interactions in a changing Arctic ecosystem. It also highlights the importance of
integrating diet, diving data, or fish surveys to provide further clarity on prey availability
and abundance in response to environmental conditions.

Foraging Behaviour, Energetic Expenditure and Foraging Success During Chickrearing
Similar to incubation we saw that murres at a larger colony foraged more distantly,
making fewer trips compared to murres at a smaller colony, again matching our
predictions that a large colony would have a larger foraging range due to higher rates of
prey depletion (Ashmole 1963; Cairns 1989; Gaston et al. 2007; Elliott et al. 2009).
Interestingly, although murres at the small colony made more, but shorter trips, while
birds at the larger colony made fewer, but longer trips, the overall average daily distance
travelled by murres did not differ between colonies. These results suggest that birds at
both colonies respond to the increased pressures of chick-demand (while still fueling
somatic needs) with different foraging strategies that nonetheless optimize mean distance
travelled per day. Similar to incubation we saw impacts of broad-scale environmental
change at a large colony, with murres making further, longer trips under a high ice
regime. Interestingly, at the small colony we saw no impacts of broad-scale or fine-scale
environmental change on foraging behaviour during chick-rearing. Regardless of
environmental conditions, the lower predation pressure surrounding a small colony may
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mean that murres still have adequate prey resources during chick-rearing period to allow
for more proximal foraging. Furthermore, as adults must maximize foraging for chicks,
they may switch to reliance on more benthic or invertebrate prey that is found at closer
distances (Gaston and Elliott 2014; Brisson-curadeau and Elliott 2019). In addition,
average daily energetic expenditure was strongly tied to average daily distance travelled,
again reflecting costs of increased flight time, although during the chick-rearing period
murres at Digges were expending more energy under a high ice regime compared to
murres at Coats. Unfortunately, due to a reduced dataset during chick-rearing we could
not make broad-scale environmental comparisons of foraging success at our small
colony. We nonetheless saw broad-scale impacts of environmental change at the large
colony, as well as fine-scale impacts of environmental change at both colonies.
Similar to incubation, murres at Digges had elevated beta-hydroxybutyrate and
lower triglyceride levels suggesting lower foraging success in high ice regime years. As
foraging was still more distant in the high ice regime year during chick-rearing, when ice
extent is negligible, this result could suggest a reliance on more distant but ephemeral
prey patches, where high flight costs mean that travel to distant prey patches either does
not provide enough energy to make up for longer trips, or metabolite levels are
representative of longer faster periods at the nest at a larger colony given longer foraging
trips by their partners. Bathymetry was found to be the most important factor influencing
foraging behaviour in little auks breeding in East Greenland regardless of ice extent
(Amélineau et al. 2016). It is thus possible that under warmer, low ice conditions murres
could be preying on more benthic prey at closer distances, with lower flight costs, leading
to overall higher foraging success. Or as mentioned earlier, capelin and sandlance, could
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be more positively responding to warmer conditions leading to increased availability and
abundance, resulting in shorter trips as they are easier to locate (Vihtakari et al. 2018).
Previously collected stable isotope data and stomach content analysis from Digges Island,
reflected a higher reliance on capelin and sandlance (Provencher et al. 2013), further
supporting this hypothesis.
Despite impacts of broad-scale environmental conditions on foraging success at a
large colony, we only observed an interactive impact of fine-scale environmental change
and foraging behaviour on foraging success of murres at the small colony during chickrearing: murres had higher foraging success (lower beta-hydroxybutyrate) when making
longer trips when sea surface temperature was lower (i.e., the beginning of the chickrearing period) suggesting that a possible use of pelagic prey patches during early chickrearing was more profitable. However, as sea surface temperature increased the
difference in foraging success between strategies disappeared, meaning that murres were
equally successful regardless of strategy as the chick-rearing period progressed. There
was also an interactive impact of fine-scale environmental conditions and average daily
distance travelled on foraging success of murres at both colonies, where foraging success
was higher (lower beta-hydroxybutyrate) as murres increased average daily distance
travelled but only when sea surface temperature was lower (i.e., the beginning of the
chick-rearing period) suggesting that as the chick-rearing period progresses increasing
average daily distance does not necessarily result in increased success. We also found
that foraging success (triglycerides) decreased as sea surface temperature increased.
Since sea surface temperature rises throughout the chick-rearing period, this result likely
reflects difficulties in locating prey towards the end of the chick-rearing period, as prey
62

would be most depleted at this time (Ashmole 1963; Cairns 1989; Gaston et al. 2007;
Elliott et al. 2009). Although foraging success (elevated triglycerides, lower baseline
corticosterone) increased with average daily distance independent of colony size, there
was no difference in success (triglycerides or baseline corticosterone) between foraging
strategies (i.e., longer, further trips versus more trips and shorter trips leading to the same
average across colonies). This result suggests murres can be successful using either
strategy, where murres see increased success by increasing foraging effort. Nonetheless,
again we observed lower baseline levels of corticosterone and non-esterified fatty acids
(higher foraging success and lower energetic demand) in murres at a small colony. Since
birds at both colonies are travelling similar distances during chick-rearing, the overall
higher energetic condition at a small colony may be due to a positive carry-over effect
from greater payoffs during incubation. If environmental conditions detrimentally impact
the foraging success of adults during incubation, through impacts on prey availability,
adults during chick-rearing may need to prioritize chick-feeding at a cost to themselves,
or prioritize self-feeding at a cost to their chick, potentially resulting in lower breeding
success in years of lower prey availability (Welcker et al. 2009; Fayet et al. 2021). In
another auk species with high flight costs, the Atlantic puffin (Fratercula arctica), lower
food availability surrounding the colony resulted in puffins making longer trips leading to
overall lower breeding success, as a result of reduced chick-provisioning (Fayet et al.
2021). Taken together, in the larger colony we saw greater impacts of environmental
variability on foraging behaviour leading to detrimental impacts on foraging success,
combined with increased energetic demand during chick-rearing. Based on these results
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we would expect large colonies to be more sensitive to environmental change during the
chick-rearing period through density dependent relationships with prey availability.

Conclusions and Future Directions
We used an integrative approach that combined behaviour, energetics and physiology to
examine how environmentally mediated changes in foraging strategies ultimately
impacted foraging success at different colony scales. Overall, our results suggest that
larger colonies may be more susceptible to increasing Arctic change, through complex
linkages between environmental variability and prey availability, ultimately impacting
foraging flexibility and success during two key breeding periods. Differential impacts of
broad-scale and fine-scale environmental change in our study system highlights the
complexities of predicting how environmental change in Arctic regions will affect even
the same species. As impacts can vary widely across Arctic regions, for example
reduction in circulation of the subpolar gyre in the North Atlantic has been linked to
substantial declines in murre colonies in Svalbard (Descamps et al. 2013). Interestingly,
in contrast, Will and Kitaysky (2018) observed that thick-billed murres breeding on the
Pribilof Islands in Alaska had a smaller isotopic niche breadth in warm years, suggesting
murres were feeding on a smaller range of prey items (e.g. juvenile pollock) suggesting
conditions were also better in a warmer year. However, the study cautioned that initial
increases in juvenile pollock could be a short-term effect of warming, predicting lower
prey availability overall with warmer waters in future years (Will and Kitaysky 2018).
Indeed, we may have observed a similar trend of a short-term benefit of warming waters
for Hudson Bay murres, underscoring the importance of integrating diet (via stable
isotopes) and diving data along with fish surveys in future studies to gain a greater
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understanding of how climate change in the short-term and long-term are affecting the
prey base within northern Hudson Bay. The degree of inter-annual flexibility in foraging
behaviour seen in this study and the variability in success across foraging strategies
suggests murres as a species may have the mechanistic flexibility to cope with current
rates of climate change occurring in the Canadian Arctic. As the fish community has
changed in the low Arctic, warm years may now be more beneficial to murres.
Nonetheless, because murres at a large colony had more drastic responses to
environmental change suggesting these colonies may still be more sensitive to
environmental change. To further our understanding of the fitness and therefore
population demography outcomes of these complex relationships, future studies should
strive to integrate measures of foraging and diving behaviour, along with diet and
estimates of prey availability and abundance with estimates of breeding success to
ultimately determine how murres are affected by a changing climate.

Acknowledgments
Thank you to the Digges Island, Nunavut field crews of 2014, 2015, and 2016 and the
Coats Island, Nunavut field crews of 2017, 2018, and 2019 who performed data
collection. A huge thank you to Chris Harris for completing all of the laboratory assays.
We also thank Environment and Climate Change Canada, the Natural Sciences and
Engineering Research Council of Canada, Canada Research Chairs Program, the Nunavut
Wildlife Management Board, the Nunavik Wildlife Management Board, Northern
Scientific Training Program, Polar Continental Shelf Program, Polar Knowledge Canada,
the Canadian Network of Centres of Excellence (ArcticNet), the W. Garfield Weston
Foundation, Mitacs, the Society of Canadian Ornithologists, the Society of Integrative
65

and Comparative Biology, the Pacific Seabird Group, the Government of Ontario, and the
University of Windsor for logistical support, research and/or personal funding.

66

LITERATURE CITED
Amélineau, F., Grémillet, D., Bonnet, D., Le Bot, T., and Fort, J. 2016. Where to forage
in the absence of sea ice? Bathymetry as a key factor for an Arctic seabird. PLoS
One 11: 1–19. doi:10.1371/journal.pone.0157764.
Ashmole, N.P. 1963. The regulation of numbers of tropical oceanic birds. Ibis. 103 b(3):
458–473. doi:10.1111/j.1474-919X.1963.tb06766.x.
Bates, D., Mächler, M., Bolker, B.M., and Walker, S.C. 2015. Fitting linear mixed-effects
models using lme4. J. Stat. Softw. 67. doi:10.18637/jss.v067.i01.
Brisson-curadeau, É., and Elliott, K.H. 2019. Prey capture and slection throughout the
breeding season in a deep-diving generalist seabird, the thick-billed murre. J. Avian
Biol.: 1–9. doi:10.1111/jav.01930.
Cairns, D.K. 1989. The regulation of seabird colony size: a hinterland model. Am. Nat.
134(1): 141–146.
Calenge, C. 2006. The package “adehabitat” for the R software: A tool for the analysis of
space and habitat use by animals. Ecol. Modell. 197: 516–519.
doi:10.1016/j.ecolmodel.2006.03.017.
Chimienti, M., Cornulier, T., Owen, E., Bolton, M., Davies, I.M., Travis, J.M.J., and
Scott, B.E. 2017. Taking movement data to new depths: Inferring prey availability
and patch profitability from seabird foraging behavior. Ecol. Evol. 7: 10252–10265.
doi:10.1002/ece3.3551.
Croll, D.A., Gaston, A.J., and Noble, D.G. 1991. Adaptive loss of mass in Thick-billed
Murres. Condor 93(3): 496–502. doi:10.2307/1368181.
Crossin, G.T., Phillips, R.A., Lattin, C.R., Romero, L.M., Bordeleau, X., Harris, C.M.,
Love, O.P., and Williams, T.D. 2017. Costs of reproduction and carry-over effects in
breeding albatrosses. Antarct. Sci. 29(2): 155–164.
doi:10.1017/S0954102016000560.
Descamps, S., Strøm, H., and Steen, H. 2013. Decline of an arctic top predator:
Synchrony in colony size fluctuations, risk of extinction and the subpolar gyre.
Oecologia 173(4): 1271–1282. doi:10.1007/s00442-013-2701-0.
Elliott, K.H., Gaston, A.J., and Crump, D. 2010. Sex-specific behavior by a
monomorphic seabird represents risk partitioning. Behav. Ecol. 21: 1024–1032.
doi:10.1093/beheco/arq076.
Elliott, K.H., Ricklefs, R.E., Gaston, A.J., Hatch, S.A., Speakman, J.R., and Davoren,
G.K. 2013. High flight costs, but low dive costs, in auks support the biomechanical
hypothesis for flightlessness in penguins. Proc. Natl. Acad. Sci.: 1–5.
doi:10.1073/pnas.1304838110.
Elliott, K.H., Woo, K.J., Gaston, A.J., Benvenuti, S., Dall’Antonia, L., and Davoren,
G.K. 2009. Central-place foraging in an Arctic seabird provides evidence for StorerAshmole’s halo. Auk 126(3): 613–625. doi:10.1525/auk.2009.08245.
67

Fayet, A.L., Clucas, G. V., Anker‐Nilssen, T., Syposz, M., and Hansen, E.S. 2021. Local
prey shortages drive foraging costs and breeding success in a declining seabird, the
Atlantic puffin. J. Anim. Ecol. 00: 1–13. doi:10.1111/1365-2656.13442.
Fieberg, J., and Kochanny, C.O. 2005. Quantifying home-range overlap: the importance
of the utilization distribution. J. Wildl. Manage. 69(4): 1346–1359.
doi:10.2193/0022-541x(2005)69[1346:qhotio]2.0.co;2.
Gaston, A.J., and Elliott, K.H. 2014. Seabird diet changes in northern Hudson Bay,
1981−2013, reflect the availability of schooling prey. Mar. Ecol. Prog. Ser. 513:
211–223. doi:10.3354/meps10945.
Gaston, A.J., Elliott, K.H., Ropert-Coudert, Y., Kato, A., Macdonald, C.A., Mallory,
M.L., and Gilchrist, H.G. 2013. Modeling foraging range for breeding colonies of
thick-billed murres Uria lomvia in the Eastern Canadian Arctic and potential overlap
with industrial development. Biol. Conserv. 168: 134–143.
doi:10.1016/j.biocon.2013.09.018.
Gaston, A.J., Gilchrist, H.G., and Hipfner, J.M. 2005a. Climate change, ice conditions
and reproduction in an Arctic nesting marine bird: Brunnich’s guillemot (Uria
lomvia L.). J. Anim. Ecol. 74: 832–841. doi:10.1111/j.1365-2656.2005.00982.x.
Gaston, A.J., Gilchrist, H.G., and Mallory, M.L. 2005b. Variation in ice conditions has
strong effects on the breeding of marine birds at Prince Leopold Island, Nunavut.
Ecography 28(3): 331–344. doi:10.1111/j.0906-7590.2005.04179.x.
Gaston, A.J., Gilchrist, H.G., Mallory, M.L., and Smith, P.A. 2009. Changes in seasonal
events, peak food availability, and consequent breeding adjustment in a marine bird:
a case of progressive mismatching. Condor 111(1): 111–119.
doi:10.1525/cond.2009.080077.
Gaston, A.J., and Hipfner, J.M. 2006. Body mass changes in Brünnich’s guillemots Uria
lomvia with age and breeding stage. J. Avian Biol. 37: 101–109. doi:10.1111/j.09088857.2006.03426.x.
Gaston, A.J., Woo, K., and Hipfner, J.M. 2003. Trends in forage fish populations in
northern Hudson Bay since 1981, as determined from the diet of nestling thickbilled murres Uria lomvia. Arctic 56(3): 227–233.
Gaston, A.J., Ydenberg, R.C., and Smith, G.E.J. 2007. Ashmole’s halo and population
regulation in seabirds. Mar. Ornithol. 35: 119–126.
Good, S., Fiedler, E., Mao, C., Martin, M.J., Maycock, A., Reid, R., Roberts-Jones, J.,
Searle, T., Waters, J., While, J., and Worsfold, M. 2020. The current configuration
of the OSTIA system for operational production of foundation sea surface
temperature and ice concentration analyses. Remote Sens. 12(720): 1–20.
doi:10.3390/rs12040720.
Guglielmo, C.G., O’Hara, P.D., and Williams, T.D. 2002. Extrinsic and intrinsic sources
of variation in plasma lipid metabolites of free-living Western Sandpipers (Calidris
mauri). Auk 119(2): 437–445.
68

Hennin, H.L., Legagneux, P., Bêty, J., Williams, T.D., Gilchrist, H.G., Baker, T.M., and
Love, O.P. 2015. Pre‑breeding energetic management in a mixed‑strategy breeder.
Oecologia 177: 235–243. doi:10.1007/s00442-014-3145-x.
Jeanniard du Dot, T., Rosen, D.A.S., Richmond, J.P., Kitaysky, A.S., Zinn, S.A., and
Trites, A.W. 2009. Changes in glucocorticoids, IGF-I and thyroid hormones as
indicators of nutritional stress and subsequent refeeding in Steller sea lions
(Eumetopias jubatus). Comp. Biochem. Physiol. Part A 152(4): 524–534. Elsevier
Inc. doi:10.1016/j.cbpa.2008.12.010.
Kuznetsova, A., Brockhoff, P.B., and Christensen, R.H.B. 2017. lmerTest Package: Tests
in Linear Mixed Effects Models . J. Stat. Softw. 82(13). doi:10.18637/jss.v082.i13.
Laidre, K.L., Atkinson, S., Regehr, E. V., Stern, H.L., Born, E.W., Wiig, Ø., Lunn, N.J.,
and Dyck, M. 2020. Interrelated ecological impacts of climate change on an apex
predator. Ecol. Appl. 30(4). doi:10.1002/eap.2071.
Laidre, K.L., Heide-Jørgensen, M.P., Nyeland, J., Mosbech, A., and Boertmann, D.
2008a. Latitudinal gradients in sea ice and primary production determine Arctic
seabird colony size in Greenland. Proc. R. Soc. B 275: 2695–2702.
doi:10.1098/rspb.2008.0874.
Laidre, K.L., Stirling, I., Lowry, L.F., Wiig, Ø., Heide-Jørgensen, M.P., and Ferguson,
S.H. 2008b. Quantifying the sensitivity of Arctic marine mammals to climateinduced habitat change. Ecol. Appl. 18(2): 97–125.
Lamarre, V., Franke, A., Love, O.P., Legagneux, P., and Bêty, J. 2017. Linking prelaying energy allocation and timing of breeding in a migratory arctic raptor.
Oecologia 183(3): 653–666. doi:10.1007/s00442-016-3797-9.
LeBlanc, M., Gauthier, S., Garbus, S.E., Mosbech, A., and Fortier, L. 2019. The codistribution of Arctic cod and its seabird predators across the marginal ice zone in
Baffin Bay. Elementa 7(1): 1–18. doi:10.1525/elementa.339.
Lewison, R., Oro, D., Godley, B.J., Underhill, L., Bearhop, S., Wilson, R.P., Ainley, D.,
Arcos, J.M., Boersma, P.D., Borboroglu, P.G., Boulinier, T., Frederiksen, M.,
Genovart, M., González-Solís, J., Green, J.A., Grémillet, D., Hamer, K.C., Hilton,
G.M., Hyrenbach, K.D., Martínez-Abraín, A., Montevecchi, W.A., Phillips, R.A.,
Ryan, P.G., Sagar, P., Sydeman, W.J., Wanless, S., Watanuki, Y., Weimerskirch, H.,
and Yorio, P. 2012. Research priorities for seabirds: improving conservation and
management in the 21st century. Endanger. Species Res. 17: 93–121.
doi:10.3354/esr00419.
MacArthur, R.H., and Pianka, E.R. 1966. On optimal use of a patchy environment. Am.
Nat. 100(916): 603–609.
Macias-Fauria, M., and Post, E. 2018. Effects of sea ice on Arctic biota. Biol. Lett. 14(5).
doi:10.1098/rsbl.2018.0265.
Merkel, F., Labansen, A.L., Boertmann, D., Mosbech, A., Egevang, C., Falk, K.,
Linnebjerg, J.F., Frederiksen, M., and Kampp, K. 2014. Declining trends in the
69

majority of Greenland’s thick-billed murre (Uria lomvia) colonies 1981–2011. Polar
Biol. 37(8): 1061–1071. doi:10.1007/s00300-014-1500-3.
Mioduszewski, J.R., Vavrus, S., Wang, M., Holland, M., and Landrum, L. 2019. Past and
future interannual variability in Arctic sea ice in coupled climate models. Cryosph.
13: 113–124. doi:10.5194/tc-13-113-2019.
Nakagawa, S., Johnson, P.C.D., and Schielzeth, H. 2017. The coefficient of
determination R2 and intra-class correlation coefficient from generalized linear
mixed-effects models revisited and expanded. J. R. Soc. Interface 14(134).
doi:10.1098/rsif.2017.0213.
Paredes, R., Jones, I.L., and Boness, D.J. 2005. Reduced parental care, compensatory
behaviour and reproductive costs of thick-billed murres equipped with data loggers.
Anim. Behav. 69(1): 197–208. doi:10.1016/j.anbehav.2003.12.029.
Patterson, A., Gilchrist, H.G., Benjaminsen, S., Bolton, M., Bonnet-Lebrun, A.-S.,
Davoren, G.K., Descamps, S., Erikstad, K.E., Frederiksen, M., Gaston, A.J., Gulka,
J., Hejdström, A., Huffeldt, N.P., Johansen, K.L., Labansen, A.L., Linnebjerg, J.F.,
Love, O.P., Mallory, M.L., Merkel, F.R., Montevecchi, W.A., Mosbech, A., Olsson,
O., Owen, E., Þórarinsson, Þ.L., Ratcliffe, N., Regular, P.M., Reiertsen, T.K.,
Ropert-Coudert, Y., Sundberg, J., Strøm, H., and Elliott, K.H. Foraging range scales
with seabird colony size. In Preparation.
Pettitt-Wade, H., Loseto, L.L., Majewski, A., and Hussey, N.E. 2021. Cod movement
ecology in a warming world: Circumpolar arctic gadids. Fish Fish. 00: 1–30.
doi:10.1111/faf.12536.
Provencher, J.F., Elliott, K.H., Gaston, A.J., and Braune, B.M. 2013. Networks of prey
specialization in an Arctic monomorphic seabird. J. Avian Biol. 44: 551–560.
doi:10.1111/j.1600-048X.2013.05717.x.
Pyke, G.H., Pulliam, H.R., and Charnov, E.L. 1977. Optimal foraging: a selective review
of theory and tests. Q. Rev. Biol. 52(2): 137–154.
R Core Team. 2020. R: A Language and Environment for Statistical Computing. Vienna,
Austria. Available from https://www.r-project.org/.
Ramírez, F., Tarroux, A., Hovinen, J., Navarro, J., Afán, I., Forero, M.G., and Descamps,
S. 2017. Sea ice phenology and primary productivity pulses shape breeding success
in Arctic seabirds. Sci. Rep. 7(4500): 1–9. doi:10.1038/s41598-017-04775-6.
Ratcliffe, N., Adlard, S., Stowasser, G., and Mcgill, R. 2018. Dietary divergence is
associated with increased intra-specific competition in a marine predator. Sci. Rep.
8(6827): 1–10. Springer US. doi:10.1038/s41598-018-25318-7.
Revelle, W. 2020. psych: Procedures for Psychological, Psychometric, and Personality
Research. Evanston, Illinois. Available from https://cran.rproject.org/package=psych.
Smith, S.B., McWilliams, S.R., and Guglielmo, C.G. 2007. Effect of diet composition on
plasma metabolite profiles in a migratory songbird. Condor 109: 48–58.
70

Vihtakari, M., Welcker, J., Moe, B., Chastel, O., Tartu, S., Hop, H., Bech, C., Descamps,
S., and Gabrielsen, G.W. 2018. Black-legged kittiwakes as messengers of
Atlantification in the Arctic. Sci. Rep. 8(1): 1–11. doi:10.1038/s41598-017-19118-8.
Welcker, J., Harding, A.M.A., Karnovsky, N.J., Steen, H., Strøm, H., and Gabrielsen,
G.W. 2009. Flexibility in the bimodal foraging strategy of a high Arctic alcid, the
little auk Alle alle. J. Avian Biol. 40: 388–399. doi:10.1111/j.1600048X.2008.04620.x.
Will, A.P., and Kitaysky, A.S. 2018. Variability in trophic level and habitat use in
response to environmental forcing : isotopic niche dynamics of breeding seabirds in
the southeastern Bering Sea. 593: 247–260.
Williams, T.D. 2012. Physiological Adaptations for Breeding in Birds. Princeton
University Press.
Williams, T.D., Warnock, N., Takekawa, J.Y., and Bishop, M.A. 2007. Flyway-scale
variation in plasma triglyceride levels as an index of refueling rates in springmigrating Western Sandpipers. Auk 124(3): 886–897.

71

TABLES AND FIGURES

Table 2.1. Factor loadings from principal components analysis on environmental
condition metrics (sea ice extent and sea surface temperature) measured within the
maximum foraging range of thick-billed murres at Coats Island, Nunavut (maximum
foraging range = 130 km) and Digges Island, Nunavut (maximum foraging range = 300
km) during the breeding period (15 June – 15 August). Significant factor loadings are
bolded.

Variable
Sea surface temperature
Sea ice extent
Eigenvalue
Cumulative variance explained
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fPC1
0.954
-0.954
1.82
91.0

Table 2.2. Factor loadings from principal components analysis on foraging metrics
(maximum distance, average daily distance, mean trip distance, mean trip duration, and
number of trips per day) from GPS deployments on thick-billed murres during the
incubation period at Coats Island, Nunavut and Digges Island, Nunavut. Significant
factor loadings are bolded.

Variable
Maximum distance
Average daily distance
Mean trip distance
Mean trip duration
Number of trips per day
Eigenvalue
Cumulative variance explained
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fPC1
0.897
0.644
0.909
0.863
-0.652
3.22
64.3

Table 2.3. Factor loadings from principal components analysis on foraging metrics
(maximum distance, mean trip distance, mean trip duration, and number of trips per day)
from GPS deployments on thick-billed murres during the chick-rearing period at Coats
Island, Nunavut and Digges Island, Nunavut. Significant factor loadings are bolded.

Variable
Maximum distance
Mean trip distance
Mean trip duration
Number of trips per day
Eigenvalue
Cumulative variance explained
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fPC1
0.874
0.869
0.920
-0.810
3.02
75.5

Table 2.4. Summary of colony-related variation in thick-billed murre foraging behaviour
(fPC1 – maximum distance travelled, average daily distance, mean trip distance, mean
trip duration, and number of trips per day) from broad-scale environmental conditions
(sea ice regime) linear mixed models during the incubation period at Coats Island,
Nunavut and Digges Island, Nunavut.

Model
Fixed Effects Estimate ± SE
df
t
p
Inter-colony:
fPC1 ~ SeaIce + Colony + Sex + 1| Year + 1|StartDate + 1|Band
Intercept
0.09 ± 0.28
0.32 0.411
0.78
SeaIce - Low
-0.60 ± 0.29 -2.05 -2.04
0.18
Colony - Digges 1.56 ± 0.31
5.05
5.02
0.03
Sex - M
-0.16 ± 0.11 -1.45 -1.36
0.15
Low Ice Regime: fPC1 ~ Colony + Sex + Year + 1|StartDate + 1|Band
Intercept
-0.24 ± 0.13 30.04 -1.89
0.07
Colony - Digges 1.10 ± 0.18
48.36 6.06 < 0.0001
Sex - M
-0.27 ± 0.11 108.67 -2.36
0.02
Year - 2017
-0.01 ± 0.19 81.01 -0.06
0.95
High Ice Regime: fPC1 ~ Colony + 1|StartDate
Intercept
-0.20 ± 0.15
7.86 -1.31
0.23
Colony - Digges 2.01 ± 0.25
28.09 8.14 < 0.0001
Intra-colony:
Coats: fPC1 ~ SeaIce + Sex + Year + 1|StartDate + 1|Band
Intercept
-0.15 ± 0.13 41.81 -1.15
0.26
SeaIce - Low
-0.32 ± 0.16 143.58 -1.98
0.05
Sex - M
-0.15 ± 0.09 154.52 -1.72
0.09
Year - 2019
0.10 ± 0.17 127.66 0.55
0.58
Digges: fPC1 ~ SeaIce + Sex + Year + 1|StartDate + 1|Band
Intercept
1.88 ± 0.32
24.55 5.87 < 0.0001
SeaIce - Low
-1.15 ± 0.36 20.53 -3.16 0.005
Sex - M
-0.11 ± 0.39 34.51 -0.3
0.77

rm

2

rc

0.49 0.80

0.41

0.7

0.51 0.55

0.06 0.91

0.21 0.76

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of
freedom (df), t-statistics (t), p-values (p), marginal R 2 (rm 2 ; the proportion of variance in the model
explained by the fixed effects) and conditional R 2 (rc2; the proportion of variance in the model
explained by both fixed and random effects). Significant p-values in bold. See methods for full
descriptions of models.
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Table 2.5. Summary of colony-related variation in thick-billed murre foraging behaviour
(fPC1 – maximum distance travelled, average daily distance, mean trip distance, mean
trip duration, and number of trips per day) from fine-scale environmental conditions
(ePC1 – sea ice extent and sea surface temperature) linear mixed models during the
incubation period at Coats Island, Nunavut and Digges Island, Nunavut.

Model
Fixed Effects Estimate ± SE
df
Inter-colony:
fPC1 ~ ePC1 + Colony + Sex + 1|Year + 1|Band
Intercept
0.29 ± 0.16
4.62
ePC1
-1.21 ± 0.24 11.73
Colony - Digges 1.59 ± 0.17
2.87
Sex - M
-0.17 ± 0.10 188.3
Intra-colony:
Coats: fPC1 ~ ePC1 + Sex + Year + 1|Band
Intercept
0.15 ± 0.20 148.97
ePC1
-1.17 ± 0.21 157.21
Sex - M
-0.17 ± 0.08 152.57
Year - 2018
0.03 ± 0.16 123.46
Year - 2019
0.25 ± 0.14 139.79
Digges: fPC1 ~ ePC1 + Sex + Year + 1|Band
Intercept
1.60 ± 0.85
27.68
ePC1
-1.10 ± 1.08 22.96
Sex - M
-0.07 ± 0.39 35.44
Year - 2015
0.34 ± 0.82
24.99

t

p

rm 2

rc 2

0.57 0.74
1.81
0.13
-5.11 < 0.0001
9.61 0.003
-1.72
0.09
0.24 0.63
0.73
0.46
-5.44 < 0.0001
-2.11
0.04
0.21
0.84
1.78
0.08
0.22 0.68
1.90
-1.02
-0.18
0.41

0.07
0.32
0.86
0.68

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of
freedom (df), t-statistics (t), p-values (p), marginal R 2 (rm 2; the proportion of variance in the
model explained by the fixed effects) and conditional R 2 (rc2; the proportion of variance in the
model explained by both fixed and random effects). Significant p-values in bold. See methods
for full descriptions of models.
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Table 2.6. Summary of colony-related variation in thick-billed murre foraging behaviour
(fPC1 – maximum distance travelled, mean trip distance, mean trip duration, and number
of trips per day) from broad-scale environmental conditions (sea ice regime) and finescale environmental conditions (ePC1 – sea ice extent and sea surface temperature) linear
mixed models during the chick-rearing period at Coats Island, Nunavut and Digges
Island, Nunavut.
Model
Fixed Effects
Estimate ± SE df
t
p
Inter-colony:
fPC1 ~ SeaIce + Colony*Sex + 1|Year + 1|StartDate + 1|Band
Intercept
-0.50 ± 0.36
3.23 -1.37
0.26
SeaIce - Low
-0.42 ± 0.38
3.03 -1.10
0.35
Colony - Digges
1.63 ± 0.36
3.22
4.50
0.02
Sex - M
-0.09 ± 0.12 196.62 0.77
0.44
Colony - Digges*Sex - M -0.32 ± 0.16 242.19 -2.05
0.04
fPC1 ~ ePC1*Colony + Sex + 1|Year + 1|Band
Intercept
-0.54 ± 0.60
8.36 -0.91
0.39
ePC1
-0.14 ± 0.42 259.68 -0.34
0.74
Colony - Digges
0.11 ± 0.87
8.84
0.13
0.90
Sex - M
-0.06 ± 0.08 246.34 -0.81
0.42
ePC1*Colony - Digges
1.72 ± 0.65 290.99 2.63
0.009
Low Ice Regime: fPC1 ~ Colony *Sex + Year + 1|StartDate + 1|Band
Intercept
-0.61 ± 0.11 50.74 -5.49 < 0.0001
Colony - Digges
1.14 ± 0.16 167.59 7.24 < 0.0001
Sex - M
0.15 ± 0.12 177.23 1.22
0.22
Year - 2016
-0.07 ± 0.14 77.50 -0.49
0.63
Year - 2017
-0.21 ± 0.13 83.66 -1.71
0.09
Colony - Digges : Sex - M -0.40 ± 0.16 204.07 -2.44
0.02
High Ice Regime: fPC1 ~ Colony + Sex + Year + 1|StartDate + 1|Band
Intercept
-0.87 ± 0.24 12.55 -3.65 0.003
Colony - Digges
2.35 ± 0.24
39.21 9.69 < 0.0001
Sex - M
-0.11 ± 0.20 77.92 -0.55
0.58
Intra-colony:
Coats: fPC1 ~ SeaIce + Sex + Year + 1|Band
Intercept
-0.84 ± 0.08 174.92 -10.36 < 0.0001
SeaIce - Low
0.09 ± 0.09 121.96 1.00
0.32
Sex - M
0.07 ± 0.08 108.53 0.83
0.41
Year - 2019
0.19 ± 0.08 108.53 2.35
0.02
Digges: fPC1 ~ SeaIce + Sex + Year + 1|StartDate + 1|Band
Intercept
1.47 ± 0.16
53.26 9.21 < 0.0001
SeaIce - Low
-0.93 ± 0.20 105.62 -4.58 < 0.0001
Sex - M
-0.25 ± 0.12 135.8 -2.06
0.04
Year - 2016
-0.14 ± 0.20 59.22 -0.67
0.50

rm 2

rc 2

0.50 0.77

0.38 0.85

0.44 0.65

0.67 0.82

0.05 0.36

0.27 0.50

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom
(df), t-statistics (t), p-values (p), marginal R2 (rm 2; the proportion of variance in the model explained by the
fixed effects) and conditional R2 (rc2; the proportion of variance in the model explained by both fixed and
random effects). Significant p-values in bold. See methods for full descriptions of models.
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Table 2.7. Summary of colony-related variation in thick-billed murre foraging behaviour
(average daily distance travelled – dailyDist) from broad-scale environmental conditions
(sea ice regime) and fine-scale environmental conditions (ePC1 – sea ice extent and sea
surface temperature) generalized linear mixed models during the chick-rearing period at
Coats Island, Nunavut and Digges Island, Nunavut.

2

2

Model
Fixed Effects Estimate ± SE t
p
rm
rc
Inter-colony:
dailyDist ~ SeaIce + Colony + Sex + 1|Year + 1|StartDate + 1|Band 0.02 0.74
Intercept
4.88 ± 0.09 53.92 < 0.0001
SeaIce - Low
0.03 ± 0.05
0.59
0.55
Colony - Digges -0.05 ± 0.07 -0.70 0.48
Sex - M
-0.08 ± 0.07 -1.16 0.25
dailyDist ~ ePC1 + Colony + Sex + 1|Year + 1|Band
0.06 0.73
Intercept
4.64 ± 0.17 26.62 < 0.0001
ePC1
0.36 ± 0.16
2.33
0.02
Colony - Digges -0.06 ± 0.13 -0.45 0.65
Sex - M
-0.08 ± 0.06 -1.23 0.21
Generalized linear mixed model output includes estimates of fixed effects, standard error (SE),
degrees of freedom (df), t-statistics (t), p-values (p), marginal R 2 (rm 2; the proportion of variance
in the model explained by the fixed effects) and conditional R 2 (rc2; the proportion of variance in
the model explained by both fixed and random effects). Significant p-values in bold. See methods
for full descriptions of models.
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Table 2.8. Summary of colony-related variation in thick-billed murre average daily
energetic expenditure (DEE) from broad-scale environmental conditions (sea ice regime)
and fine-scale environmental conditions (ePC1 – sea ice extent and sea surface
temperature) linear mixed models during the incubation period at Coats Island, Nunavut
and Digges Island, Nunavut.

Model
Fixed Effects
Estimate ± SE
Broad-scale Environmental Conditions:
DEE ~ SeaIce + Colony*fPC1 + Sex + Year + 1|Band
Intercept
2218.35 ± 44.49
SeaIce - Low
36.15 ± 46.06
Colony - Digges
50.86 ± 75.27
fPC1
371.69 ± 42.67
Sex - M
-2.76 ± 41.55
Year - 2015
65.31 ± 103.46
Year - 2017
36.02 ± 83.26
Colony - Digges *fPC1
-168.34 ± 57.08
Fine-scale Environmental Conditions:
DEE ~ Colony*ePC1*fPC1 + Sex + Year + 1|Band
Intercept
2195.56 ± 83.54
Colony - Digges
-109.80 ± 244.95
ePC1
51.06 ± 132.82
fPC1
591.72 ± 81.64
Sex - M
6.32 ± 40.69
Year - 2015
242.08 ± 201.57
Year - 2017
33.03 ± 79.75
Year - 2018
10.96 ± 62.70
Colony - Digges*ePC1
38.27 ± 348.60
Colony - Digges*fPC1
-393.80 ± 90.27
ePC1*fPC1
415.09 ± 140.95
Colony - Digges*ePC1*fPC1 757.89 ± 187.48

df

t

p

rm

2

rc

2

0.52 0.56
197.62 49.87 < 0.0001
195.99 0.79
0.43
178.88 0.68
0.50
192.88 8.71 < 0.0001
184.66 -0.07
0.94
196.12 0.63
0.53
199.98 0.43
0.67
193.51 -2.95 0.004
0.56 0.64
190.03
139.84
194.63
195.88
185.27
137.24
195.89
195.60
152.97
195.97
180.62
195.55

26.28
-0.45
0.38
7.25
0.16
1.20
0.41
0.18
-0.11
-4.36
-2.95
4.04

< 0.0001
0.65
0.70
< 0.0001
0.88
0.23
0.68
0.86
0.91
< 0.0001
0.004
< 0.0001

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), tstatistics (t), p-values (p), marginal R2 (rm 2; the proportion of variance in the model explained by the fixed
effects) and conditional R2 (rc2 ; the proportion of variance in the model explained by both fixed and random
effects). Significant p-values in bold. See methods for full descriptions of models.
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Table 2.9. Summary of colony-related variation in thick-billed murre average daily
energetic expenditure (DEE) from broad-scale environmental conditions (sea ice regime)
and fine-scale environmental conditions (ePC1 – sea ice extent and sea surface
temperature) linear mixed models during the chick-rearing period at Coats Island,
Nunavut and Digges Island, Nunavut.

Model
Fixed Effects
Estimate ± SE
df
t
Broad-scale Environmental Conditions:
DEE ~ SeaIce*Colony + fPC1 + dailyDist + Sex + 1|Year + 1|Band
Intercept
1047.78 ± 61.40
6.69 17.06
SeaIce - Low
202.42 ± 55.16
2.07
3.67
Colony - Digges
468.29 ± 76.28
4.19
6.14
fPC1
-3.53 ± 16.31
330.80 -0.22
dailyDist
8.78 ± 0.22
316.14 40.60
Sex - M
32.48 ± 20.91
225.85 1.55
SeaIce - Low*Colony - Digges -413.68 ± 81.87
2.47
-5.05
Fine-scale Environmental Conditions:
DEE ~ ePC1 + Colony + fPC1 + dailyDist + Sex + 1|Year + 1|Band
Intercept
1055.59 ± 120.35 12.27 8.77
ePC1
156.36 ± 95.06 177.89 1.65
Colony - Digges
199.09 ± 120.94
4.12
1.65
fPC1
-4.30 ± 16.24
331.77 -0.26
dailyDist
8.77 ± 0.21
316.03 40.98
Sex - M
33.12 ± 20.79
224.23 1.59

p

rm 2

rc 2

0.85 0.87
< 0.0001
0.06
0.003
0.83
< 0.0001
0.12
0.02
0.78 0.87
< 0.0001
0.10
0.17
0.79
< 0.0001
0.11

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), tstatistics (t), p-values (p), marginal R2 (rm 2; the proportion of variance in the model explained by the fixed effects)
and conditional R2 (rc2 ; the proportion of variance in the model explained by both fixed and random effects).
Significant p-values in bold. See methods for full descriptions of models.
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Table 2.10. Summary of colony-related variation in thick-billed murre post-foraging
triglyceride (TRIG) levels (log-scaled) and TRIG ratio (log-scaled; post-foraging
TRIG/pre-foraging TRIG) as a measure of adult foraging success from broad scale
environmental conditions (sea ice regime) and fine-scale environmental conditions (ePC1
– sea ice extent and sea surface temperature) linear mixed models during the incubation
period at Coats Island, Nunavut and Digges Island, Nunavut.
Fixed Effects
Model
Estimate ± SE
df
Post-foraging TRIG:
logpostTRIG ~ Colony*SeaIce*fPC1 + Sex + 1|Band + 1|StartDate
Intercept
-0.42 ± 0.13
39.06
Colony - Digges
-0.13 ± 0.24
69.30
SeaIce - Low
0.19 ± 0.13
28.86
fPC1
-0.11 ± 0.14 122.69
Sex - M
-0.13 ± 0.09 106.76
Colony - Digges*SeaIce - Low
-0.72 ± 0.30
71.93
Colony - Digges*fPC1
0.02 ± 0.17 125.10
SeaIce - Low*fPC1
-0.002 ± 0.17 115.59
Colony - Digges*SeaIce - Low*fPC1
0.54 ± 0.26 114.32
logpostTRIG ~ Colony*fPC1 + fPC1*ePC1 + Sex + Year + 1|Band
Intercept
-0.39 ± 0.16 109.54
Colony - Digges
-0.69 ± 0.17 121.22
fPC1
-0.32 ± 0.12 121.92
ePC1
0.35 ± 0.26 117.51
Sex - M
-0.09 ± 0.08 111.98
Year - 2015
0.61 ± 0.23
83.56
Year - 2018
-0.03 ± 0.13
73.34
Colony - Digges*fPC1
0.31 ± 0.14
125.37
fPC1*ePC1
0.47 ± 0.14
107.02
TRIG Ratio:
logTRIGratio ~ SeaIce + Colony*fPC1 + Sex + 1|Band + 1|StartDate
Intercept
-0.42 ± 0.12
55.33
SeaIce - Low
0.04 ± 0.13
51.48
Colony - Digges
-0.12 ± 0.18
68.14
fPC1
-0.25 ± 0.11 105.04
Sex - M
0.12 ± 0.11
98.61
Colony - Digges*fPC1
0.42 ± 0.14 108.34
logTRIGratio ~ Colony*fPC1 + fPC1*ePC1 + Sex + Year + 1|Band
Intercept
-0.49 ± 0.20 111.68
Colony - Digges
-0.52 ± 0.21
110.7
fPC1
-0.39 ± 0.17 105.85
ePC1
0.23 ± 0.33 111.18
Sex - M
0.14 ± 0.10 101.81
Year - 2015
0.56 ± 0.30 110.37
Year - 2018
-0.01 ± 0.18 110.35
Colony - Digges*fPC1
0.54 ± 0.18 108.51
fPC1*ePC1
0.35 ± 0.18 111.99

t

p

-3.29
0.55
1.41
-0.79
-1.39
-2.40
0.09
-0.02
2.05

0.002
0.59
0.17
0.43
0.17
0.02
0.92
0.99
0.04

rm 2

rc 2

0.15 0.89

0.16 0.87
-2.53
0.01
-4.16 < 0.0001
-2.57
0.01
1.35
0.18
-1.18
0.24
2.68
0.009
-0.29
0.76
2.30
0.02
3.38
0.001
0.09 0.54
-3.15
0.29
-0.67
-2.19
1.09
3.06

0.001
0.78
0.50
0.03
0.28
0.003

-2.42
-2.50
-2.32
0.70
1.45
1.83
-0.04
2.98
1.92

0.02
0.01
0.02
0.48
0.15
0.07
0.97
0.004
0.06

0.14 0.44

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), t-statistics
(t), p-values (p), marginal R2 (rm 2 ; the proportion of variance in the model explained by the fixed effects) and
conditional R2 (rc2 ; the proportion of variance in the model explained by both fixed and random effects). Significant pvalues in bold. See methods for full descriptions of models.
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Table 2.11. Summary of colony-related variation in thick-billed murre post-foraging
baseline corticosterone (bCORT) levels (log-scaled) and bCORT ratio (log-scaled; postforaging bCORT/pre-foraging bCORT) as a measure of adult energetic demand and as
such foraging success from broad scale environmental conditions (sea ice regime) and
fine-scale environmental conditions (ePC1 – sea ice extent and sea surface temperature)
linear mixed models during the incubation period at Coats Island, Nunavut and Digges
Island, Nunavut.

Fixed Effects
Model
Estimate ± SE
df
t
p
Post-foraging bCORT:
logpostbCORT ~ Colony*SeaIce + fPC1 + Sex + 1|band + 1|StartDate
Intercept
1.05 ± 0.23
48.01 4.47 < 0.0001
Colony - Digges
1.10 ± 0.40 108.74 2.76 0.007
SeaIce - Low
-0.32 ± 0.26 38.28 -1.24
0.22
fPC1
-0.37 ± 0.14 145.62 -2.68 0.008
Sex - M
-0.26 ± 0.18 125.92 -1.41
0.16
Colony - Digges*SeaIce - Low
0.80 ± 0.40
77.94 2.01
0.05
logpostbCORT ~ Colony + fPC1 + ePC1 + Sex + Year + 1|Band
Intercept
0.76 ± 0.32 145.00 2.38
0.02
Colony - Digges
1.83 ± 0.33 141.46 5.55 < 0.0001
fPC1
-0.32 ± 0.14 135.49 -2.21
0.03
ePC1
-0.13 ± 0.49 144.62 -0.26
0.79
Sex - M
-0.21 ± 0.17 124.93 -1.26
0.21
Year - 2015
-0.55 ± 0.45 139.28 1.22
0.23
Year - 2018
0.11 ± 0.25 144.45 0.44
0.66
bCORT Ratio:
logbCORTratio ~ Colony + SeaIce + Sex + fPC1 + 1|Band + 1|StartDate
Intercept
0.66 ± 0.25
54.92 2.61
0.01
Colony - Digges
0.53 ± 0.38
86.57 1.37
0.17
SeaIce - Low
-0.02 ± 0.26 36.86 -0.07
0.94
fPC1
-0.49 ± 0.17 141.2 -2.93 0.004
Sex - M
-0.53 ± 0.22 120.63 -2.42
0.02
logbCORTratio ~ Colony + fPC1*ePC1 + Sex + Year + 1|Band
Intercept
0.88 ± 0.38 138.13 2.30
0.02
Colony - Digges
0.11 ± 0.43 139.85 0.25
0.80
fPC1
-0.94 ± 0.27 136.31 -3.46 < 0.001
ePC1
-0.28 ± 0.58 132.71 -0.49
0.62
Sex - M
-0.51 ± 0.21 121.36 -2.47
0.02
Year - 2015
0.74 ± 0.63 102.82 1.17
0.24
Year - 2018
-0.23 ± 0.31 135.07 -0.74
0.45
fPC1*ePC1
1.06 ± 0.42
88.30 2.54
0.01

rm

2

rc

2

0.21 0.85

0.22 0.67

0.10 0.82

0.11 0.78

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), tstatistics (t), p-values (p), marginal R2 (rm 2; the proportion of variance in the model explained by the fixed
effects) and conditional R2 (rc2; the proportion of variance in the model explained by both fixed and random
effects). Significant p-values in bold. See methods for full descriptions of models.
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Table 2.12. Summary of colony-related variation in thick-billed murre post-foraging BOH levels (log-scaled) and B-OH ratio (log-scaled; post-foraging BOH/pre-foraging
BOH) as a measure of adult energetic demand and as such foraging success from broadscale environmental conditions (sea ice regime) and fine-scale environmental conditions
(ePC1 – sea ice extent and sea surface temperature) linear mixed models during the
incubation period at Coats Island, Nunavut and Digges Island, Nunavut.

Fixed Effects
Model
Estimate ± SE
df
t
p
Post-foraging B-OH:
logpostB-OH ~ Colony*SeaIce + fPC1 + Colony*Sex + 1|Band + 1|StartDate
Intercept
0.13 ± 0.08
53.76 1.57
0.12
Colony - Digges
0.49 ± 0.16
139.91 3.09
0.002
SeaIce - Low
-0.03 ± 0.09
33.35 -0.36
0.73
fPC1
-0.23 ± 0.04 150.29 -5.77 < 0.0001
Sex - M
-0.05 ± 0.07 129.22 -0.72
0.46
Colony - Digges*SeaIce - Low -0.76 ± 0.12
74.89 -6.18 < 0.0001
Colony - Digges*Sex - M
0.56 ± 0.15
130.46 3.76 < 0.001
logpostB-OH ~ fPC1 + ePC1 + Colony*Sex + Year + 1|Band
Intercept
-0.07 ± 0.10 132.07 -0.71
0.48
fPC1
-0.22 ± 0.04 147.68 -5.17 < 0.0001
ePC1
0.25 ± 0.15
117.88 1.65
0.10
Colony - Digges
-0.27 ± 0.14 144.97 -1.91
0.06
Sex - M
-0.06 ± 0.07 127.63 -0.93
0.36
Year - 2015
0.93 ± 0.14
101.29 6.65 < 0.0001
Year - 2018
0.12 ± 0.08
100.27 1.51
0.13
Colony - Digges*Sex - M
0.56 ± 0.15
128.11 3.79 < 0.001
B-OH Ratio:
logB-OHratio ~ Colony*SeaIce + fPC1 + Sex + 1|Band + 1|StartDate
Intercept
0.08 ± 0.10
40.08 0.74
0.46
Colony - Digges
0.86 ± 0.20
114.22 4.41 < 0.0001
SeaIce - Low
0.17 ± 0.11
15.25 1.53
0.15
fPC1
-0.13 ± 0.06 136.19 -2.20
0.03
Sex - M
-0.08 ± 0.09 114.09 -0.84
0.40
Colony - Digges*SeaIce - Low -1.11 ± 0.19
75.19 -5.85 < 0.0001
logB-OHratio ~ Colony*fPC1 + fPC1*ePC1 + Sex + Year + 1|Band
Intercept
0.06 ± 0.16
132.22 0.44
0.66
Colony - Digges
-0.06 ± 0.18 140.45 -0.35
0.73
fPC1
0.13 ± 0.12
137.32 1.08
0.28
ePC1
0.29 ± 0.24
128.22 1.19
0.24
Sex - M
-0.06 ± 0.09 120.89 -0.64
0.53
Year - 2015
0.95 ± 0.24
108.59 3.91 < 0.0001
Year - 2018
-0.06 ± 0.12 109.71 -0.54
0.59
Colony - Digges*fPC1
-0.27 ± 0.14 142.55 -1.93
0.06
fPC1*ePC1
-0.33 ± 0.14 122.04 -2.33
0.02

rm

2

rc

2

0.31 0.92

0.34 0.90

0.16 0.85

0.19 0.85

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), tstatistics (t), p-values (p), marginal R2 (rm 2; the proportion of variance in the model explained by the fixed effects)
and conditional R2 (rc2; the proportion of variance in the model explained by both fixed and random effects).
Significant p-values in bold. See methods for full descriptions of models.
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Table 2.13. Summary of colony-related variation in thick-billed murre post-foraging nonesterified fatty acids (NEFA) values (log-scaled) and NEFA ratio values (log-scaled;
post-foraging NEFA/pre-foraging NEFA) as a measure of adult energetic demand and as
such foraging success from broad-scale environmental conditions (sea ice regime) and
fine-scale environmental conditions (ePC1 – sea ice extent and sea surface temperature)
linear models during the incubation period at Coats Island, Nunavut and Digges Island,
Nunavut.

Model
Fixed Effects Estimate ± SE t
p
R2adj
Post-foraging NEFA:
logpostNEFA ~ Colony + fPC1 + ePC1 + Sex + Year
0.40
Intercept
-1.06 ± 0.22 -4.84 < 0.0001
Colony - Digges 1.05 ± 0.18
5.74 < 0.0001
fPC1
-0.09 ± 0.08 -1.14 0.26
ePC1
-0.31 ± 0.35 -0.89 0.38
Sex - M
-0.17 ± 0.11 -1.59 0.12
Year - 2015
-0.08 ± 0.29 -0.27 0.79
NEFA Ratio:
logNEFAratio ~ Colony + fPC1 + ePC1 + Sex + Year
-0.04
Intercept
0.49 ± 0.32
1.54
0.13
Colony - Digges -0.17 ± 0.28 -0.61 0.54
fPC1
0.02 ± 0.11
0.15
0.88
ePC1
-0.31 ± 0.50 -0.61 0.55
Sex - M
-0.03 ± 0.16 -0.2
0.84
Year - 2015
-0.05 ± 0.43 -0.11 0.92
Linear model output includes estimates of fixed effects, standard error (SE), tstatistics (t), p-values (p), and adjusted R 2 (Radj2; the proportion of variance in the
model explained fixed effects). Significant p-values bolded. See methods for full
descriptions of models.
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Table 2.14. Summary of colony-related variation in thick-billed murre post-foraging
plasma triglyceride (TRIG) levels (log-scaled) and TRIG ratio (log-scaled; post-foraging
TRIG/pre-foraging TRIG) as a measure of foraging success from broad-scale (sea ice
regime) and fine-scale environmental conditions (ePC1 – sea ice extent and sea surface
temperature) models during the chick-rearing period at Coats Island, Nunavut and Digges
Island, Nunavut.

Fixed Effects
Model
Estimate ± SE t
p
R2adj
Post-foraging TRIG:
logpostTRIG ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year
0.34
Intercept
0.54 ± 0.43
1.26 0.21
Colony - Digges
-0.11 ± 0.16 -0.66 0.51
fPC1
-0.07 ± 0.08 -0.81 0.42
dailyDist
0.003 ± 0.00 3.64 < 0.001
ePC1
-0.89 ± 0.40 -2.24 0.03
Sex - M
-0.36 ± 0.10 -3.71 < 0.001
Year - 2015
-0.62 ± 0.30 -2.07 0.04
TRIG Ratio:
logTRIGratio ~ fPC1 + dailyDist + ePC1 + Colony*Sex + Year
0.17
Intercept
0.18 ± 0.45
0.40 0.69
fPC1
-0.005 ± 0.09 -0.05 0.96
dailyDist
0.004 ± 0.001 3.75 < 0.001
ePC1
-0.93 ± 0.42 -2.22 0.03
Colony - Digges
0.26 ± 0.18
1.44 0.15
Sex - M
0.29 ± 0.12
2.3
0.02
Year - 2015
-0.75 ± 0.32 -2.36 0.02
Colony -Digges*Sex - M
-0.46 ± 0.21 -2.18 0.03
Linear model output includes estimates of fixed effects, standard error (SE), t-statistics
(t), p-values (p), and adjusted R2 (Radj2; the proportion of variance in the model explained
fixed effects). Significant p-values bolded. See methods for full descriptions of models.

85

Table 2.15. Summary of colony-related variation in thick-billed murre post-foraging
baseline corticosterone (bCORT) values (log-scaled) and bCORT ratio values (log-scaled;
post-foraging bCORT/pre-foraging bCORT) as a measure of adult energetic demand and
as such foraging success from broad-scale environmental conditions (sea ice regime) and
fine-scale environmental conditions (ePC1 – sea ice extent and sea surface temperature)
models during the chick-rearing period at Coats Island, Nunavut and Digges Island,
Nunavut.

2
2
Fixed Effects Estimate ± SE
Model
df
t
p
rm
rc
Post-foraging bCORT:
logpostbCORT ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year + 1|Band 0.34 0.38
Intercept
1.47 ± 0.77
98.78 1.91
0.06
Colony - Digges
1.25 ± 0.28
96.17 4.41 < 0.0001
fPC1
0.11 ± 0.15
92.81 0.73
0.47
dailyDist
-0.004 ± 0.002 92.05 -2.68 0.009
ePC1
0.15 ± 0.72
97.69 0.21
0.84
Sex - M
-0.12 ± 0.17 90.97 -0.68
0.50
Year - 2015
-0.38 ± 0.52 99.00 -0.73
0.47
bCORT Ratio:
logbCORTratio ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year + 1|Band 0.06 0.74
Intercept
-0.85 ± 0.95 87.27 -0.88
0.38
Colony - Digges
0.55 ± 0.36
95.91 1.55
0.13
fPC1
0.06 ± 0.18
96.43 0.33
0.75
dailyDist
-0.0003 ± 0.002 93.03 -0.16
0.88
ePC1
0.89 ± 0.87
66.70 1.02
0.31
Sex - M
0.0002 ± 0.21 94.15 0.001
0.99
Year - 2015
0.23 ± 0.65
94.71 0.35
0.73

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom
(df), t-statistics (t), p-values (p), marginal R 2 (rm 2; the proportion of variance in the model explained by the
fixed effects) and conditional R2 (rc2; the proportion of variance in the model explained by both fixed and
random effects). Significant p-values in bold. See methods for full descriptions of models.
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Table 2.16. Summary of colony-related variation in thick-billed murre post-foraging
beta-hydroxybutyrate (B-OH) levels (log-scaled) and B-OH ratio (log-scaled; postforaging B-OH/pre-foraging B-OH) as a measure of adult energetic demand and as such
foraging success from broad-scale environmental conditions (sea ice regime) and finescale environmental conditions (ePC1 – sea ice extent and sea surface temperature) linear
models during the chick-rearing period at Coats Island, Nunavut and Digges Island,
Nunavut.

Fixed Effects
Model
Estimate ± SE t
p
Post-foraging B-OH:
logpostB-OH ~ colony*fPC1*ePC1 + dailyDist*ePC1 + Sex + Year
Intercept
0.40 ± 0.76
0.52 0.60
Colony - Digges
-0.58 ± 1.10 -0.53 0.60
fPC1
-0.98 ± 0.80 -1.23 0.22
ePC1
0.27 ± 0.77
0.35 0.73
dailyDist
-0.009 ± 0.003 -2.91 0.005
Sex - M
-0.22 ± 0.08 -2.52 0.01
Year - 2015
1.16 ± 0.49
2.35 0.02
Colony - Digges*fPC1
1.49 ± 0.85
1.76 0.08
Colony - Digges*ePC1
0.77 ± 1.14
0.67 0.50
fPC1*ePC1
0.94 ± 0.80
1.17 0.24
ePC1*dailyDist
0.008 ± 0.003 2.39 0.02
Colony - Digges*fPC1*ePC1 -2.08 ± 0.94 -2.21 0.03
B-OH Ratio:
logB-OHratio ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year
Intercept
-0.26 ± 0.51 -0.52 0.60
Colony - Digges
0.10 ± 0.19
0.53 0.60
fPC1
-0.06 ± 0.10 -0.60 0.55
dailyDist
-0.001 ± 0.001 -0.80 0.43
ePC1
0.47 ± 0.47
1.02 0.31
Sex - M
-0.15 ± 0.11 -1.36 0.18
Year - 2015
0.42 ± 0.36
1.18 0.25

2

R

adj

0.19

-0.01

Linear model output includes estimates of fixed effects, standard error (SE), t-statistics (t),
p-values (p), and adjusted R2 (Radj2 ; the proportion of variance in the model explained fixed
effects). Significant p-values bolded. See methods for full descriptions of models.
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Table 2.17. Summary of colony-related variation in thick-billed murre post-foraging nonesterified fatty acids (NEFA) levels (log-scaled) as a measure of adult energetic demand
and as such foraging success from fine-scale environmental conditions (ePC1 – sea ice
extent and sea surface temperature) linear models during the chick-rearing period at
Coats Island, Nunavut and Digges Island, Nunavut.

2
2
Fixed Effects Estimate ± SE
Model
df
t
p
rm
rc
logpostNEFA ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year + 1|Band
0.40 0.64
Intercept
-1.17 ± 0.48 97.55 -2.45
0.02
Colony - Digges 1.13 ± 0.18
95.19 6.28 < 0.0001
fPC1
-0.15 ± 0.09 96.94 -1.62
0.11
dailyDist
0.001 ± 0.001 97.74 1.17
0.24
ePC1
0.01 ± 0.44
91.77 0.02
0.98
Sex - M
-0.27 ± 0.11 92.59 -2.52
0.01
Year - 2015
-0.22 ± 0.32 97.93 -0.69
0.49

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), tstatistics (t), p-values (p), marginal R2 (rm 2; the proportion of variance in the model explained by the fixed
effects) and conditional R2 (rc2 ; the proportion of variance in the model explained by both fixed and random
effects). Significant p-values in bold. See methods for full descriptions of models.
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Table 2.18. Summary of colony-related variation in thick-billed murre non-esterified
fatty acids (NEFA) ratio (log-scaled; post-foraging NEFA/pre-foraging NEFA) as a
measure of adult energetic demand and as such foraging success from fine-scale
environmental conditions (ePC1 – sea ice extent and sea surface temperature) linear
models during the chick-rearing period at Coats Island, Nunavut and Digges Island,
Nunavut.

Fixed Effects
Model
Estimate ± SE t
p
logNEFAratio ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year
Intercept
-0.69 ± 0.54 -1.29 0.20
Colony - Digges
0.30 ± 0.21
1.47 0.15
fPC1
-0.01 ± 0.10 -0.12 0.91
dailyDist
0.001 ± 0.001 1.20 0.23
ePC1
0.65 ± 0.50
1.31 0.19
Sex - M
-0.39 ± 0.12 -3.17 0.002
Year - 2015
0.46 ± 0.37
1.22 0.23

R2adj
0.13

Linear model output includes estimates of fixed effects, standard error (SE), t-statistics
(t), p-values (p), and adjusted R2 (Radj2; the proportion of variance in the model explained
fixed effects). Significant p-values bolded. See methods for full descriptions of models.
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Figure 2.1. Map of study locations within the northern Hudson Bay region (A), Coats
Island, Nunavut murre colony (orange star; A & B) is located south of Coral Harbour,
Nunavut and the Digges Island, Nunavut murre colony (turquoise star; A & B) is north of
Ivujivik, Québec.

90

Figure 2.2. Environmental conditions (ePC1 – sea ice extent and sea surface
temperature/SST) throughout the thick-billed murre breeding period (15 June – 15
August) for birds breeding at Coats Island, Nunavut (left panel) and Digges Island,
Nunavut (right panel). Low ice regime years (low ice, warm) are shown in red and light
red (2014, 2016, 2017, and 2019) and high ice regime years (high ice, cool) are shown in
blue (2015 and 2018).
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Figure 2.3. Daily sea ice extent (%) throughout the thick-billed murre breeding period
(June – August) at Coats Island, Nunavut in 2017 (dark red; warm, low ice year), 2018
(blue; cool, high ice year) and 2019 (light red; warm, low ice year), circles indicate
median lay dates (top left panel). Maps show sea ice concentration on median lay dates
for 2017 (ordinal day of year 168; June 17th; top right panel), 2018 (ordinal day of year
179; June 28th; bottom left panel), and 2019 (ordinal day of year 172; June 21st; bottom
right panel), where the black dot indicates the colony and the black circle indicates the
maximum foraging range (130 km) for murres at Coats Island, Nunavut that was used to
measure sea ice extent.
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Figure 2.4. Daily sea surface temperature (SST - °C) throughout the thick-billed murre
breeding period (June – August) at Coats Island, Nunavut in 2017 (dark red; warm, low
ice year), 2018 (blue; cool, high ice year) and 2019 (light red; warm, low ice year),
triangles indicate median hatch dates (top left panel). Maps show SST on median hatch
dates for 2017 (ordinal day of year 201; July 20th; top right panel), 2018 (ordinal day of
year 210; July 29th; bottom left panel), and 2019 (ordinal day of year 203; July 22nd;
bottom right panel), where the black dot indicates the colony and the black circle
indicates the maximum foraging range (130 km) for murres at Coats Island, Nunavut.
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Figure 2.5. Daily sea ice extent (%) throughout the thick-billed murre breeding period
(June – August) at Digges Island, Nunavut in 2014 (dark red; warm, low ice year), 2015
(blue; cool, high ice year) and 2016 (light red; warm, low ice year), circles indicate
median lay date (top left panel). Maps show sea ice concentration on median lay dates for
2014 (day of year 178; June 27th; top right panel), 2015 (day of year 182: July 1st; bottom
left panel), and 2016 (day of year 176; June 24th; bottom right panel), where the black dot
indicates the colony and the black circle indicates the maximum foraging range (300 km)
for murres at Digges Island, Nunavut that was used to measure sea ice extent.
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Figure 2.6. Daily sea surface temperature (SST - °C) throughout the thick-billed murre
breeding period (June – August) at Digges Island, Nunavut in 2014 (dark red; warm, low
ice year), 2015 (blue; cool, high ice year) and 2016 (light red; warm, low ice year),
triangles indicate median hatch dates (top left panel). Maps show SST on median hatch
dates for 2014 (ordinal day of year 211; July 30th; top right panel), 2015 (ordinal day of
year 215; August 3rd; bottom left panel), and 2016 (ordinal day of year 209; July 27th;
bottom right panel), where the black dot indicates the colony and the black circle
indicates the maximum foraging range (300 km) for murres at Digges Island, Nunavut.
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Figure 2.7. Foraging tracks of thick-billed murres (foraging locations in black dots; flight
locations in grey dots) from Coats Island, Nunavut during incubation and chick-rearing
periods of 2017 (dark red, low ice regime year), 2018 (blue, high ice regime year), and
2019 (light red, low ice regime year). Dashed lines represent the overall foraging area
(95% utilization distributions) and solid lines represent the core foraging area (50%
utilization distributions).
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Figure 2.8. Foraging tracks of thick-billed murres (foraging locations in black dots; flight
locations in grey dots) from Digges Island, Nunavut during incubation and chick-rearing
periods of 2014 (dark red, low ice regime year), 2015 (blue, high ice regime year), and
2016 (light red, low ice regime year). Dashed lines represent the overall foraging area
(95% utilization distributions) and solid lines represent the core foraging area (50%
utilization distributions).
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Figure 2.9. Colony-related variation in thick-billed murre foraging behaviour (fPC1 –
maximum distance travelled, average daily distance, mean trip distance, mean trip
duration, and number of trips per day) during the incubation period at at either Coats
Island, Nunavut (left panel) in 2017 (dark red; low sea ice regime), 2018 (blue; high sea
ice regime), and 2019 (light red; low sea ice regime), or at Digges Island, Nunavut (right
panel) in 2014 (dark red; high sea ice regime) and 2015 (blue; low sea ice regime).
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Figure 2.10. Relationships between fine-scale environmental conditions (ePC1 – sea ice
extent and sea surface temperature/SST) and thick-billed murre foraging behaviour (fPC1
– maximum distance travelled, average daily distance travelled, mean trip distance, mean
trip duration, and number of trips per day) during the incubation period at either Coats
Island, Nunavut in 2017, 2018, and 2019 (orange circles) or at Digges Island, Nunavut in
2014 and 2015 (turquoise triangles). Blue line represents the overall model-fitted linear
relationship and blue shading represents the 95% confidence interval for a significant
relationship for Coats Island accounting for random factors and fixed effects included in
the linear mixed model.
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Figure 2.11. Colony-related variation in thick-billed murre foraging behaviour (fPC1 –
maximum distance travelled, mean trip distance, mean trip duration, and number of trips
per day) during the chick-rearing period at either Coats Island, Nunavut (left panel) in
2017 (dark red; low sea ice regime), 2018 (blue; high sea ice regime), and 2019 (light
red; low sea ice regime), or at Digges Island, Nunavut (right panel) in 2014 (dark red;
low sea ice regime), 2015 (blue; high sea ice regime), 2016 (light red; low sea ice
regime).
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Figure 2.12. Colony-related variation in thick-billed murre foraging behaviour – average
daily distance (km) travelled by thick-billed murres during the chick-rearing period at
eithere Coats Island, Nunavut (left panel) in 2017 (dark red; low sea ice regime), 2018
(blue; high sea ice regime), and 2019 (light red; low sea ice regime), or at Digges Island,
Nunavut (right panel) in 2014 (dark red; low sea ice regime), 2015 (blue; high sea ice
regime), and 2016 (light red; low sea ice regime).
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Figure 2.13. Correlation between the average daily distance (km) travelled by thickbilled murres and average daily energetic expenditure (kJ/day) during the chick-rearing
period at either Coats Island, Nunavut in 2017, 2018, and 2019 (orange circles) or at
Digges Island, Nunavut in 2014, 2015, and 2016 (turquoise triangles). Blue line
represents the overall model-fitted linear relationship (i.e., no colony effect) and blue
shading represents the 95% confidence interval accounting for random factors and fixed
effects included in the linear mixed model.
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Figure 2.14. Correlation between the average daily distance (km) travelled by thick-billed
murres and foraging success as measured via plasma triglyceride (TRIG) ratio (log-scaled;
post-foraging TRIG/pre-foraging TRIG) during the chick-rearing period at either Coats
Island, Nunavut in 2019 (orange circles) or at Digges Island, Nunavut in 2014 and 2015
(turquoise triangles). Blue line represents the overall model-fitted linear relationship and
blue shading represents the 95% confidence interval accounting for random factors and
fixed effects included in the linear mixed model.
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Figure 2.15. Correlation between the average daily distance (km) travelled by thick-billed
murres and adult energetic demand as measured via post-foraging baseline corticosterone
levels (bCORT; log-scaled) during the chick-rearing period at either Coats Island, Nunavut
in 2019 (left panel, orange circles) or at Digges Island, Nunavut in 2014 and 2015
(turquoise triangles). Blue line represents the overall model-fitted linear relationship and
blue shading represents the 95% confidence interval accounting for random factors and
fixed effects included in the linear mixed model.
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CHAPTER 3
Influence of environmental variability, sex, and chick demand on foraging flexibility and
success in an Arctic seabird
INTRODUCTION
Seabirds are currently one of the most threatened groups of birds, as nearly half of all
seabird species are undergoing rapid populations declines (Dias et al. 2019). The main
drivers of seabird decline include both direct and indirect effects of human activity. The
direct impacts posing the greatest risk to seabird species are introductions of invasive
species, e.g. rats and cats to isolated breeding colonies, and incidental fisheries bycatch,
whereas major indirect effects include climate change and severe weather events (Dias et
al. 2019). Presently, the greatest impacts of climate change are being observed in Arctic
regions (Post et al. 2013; Descamps et al. 2017), thus posing a risk to Arctic breeding
seabirds, such as northern fulmars (Fulmarus glacialis) and thick-billed murres (Uria
lomvia). Although these species are both currently listed of least concern by the
International Union for Conservation of Nature (IUCN) Red list (Bird Life International
2018 a, b), in an assessment of traits predicting vulnerability of seabirds to anthropogenic
threats researchers highlight the importance of conservation of both globally threatened
and non-threatened seabirds, as non-threatened seabirds have low redundancy as a result
of their “unique ecological strategies” (Richards et al. 2021). Non-threatened seabirds are
therefore at possible future risk of disruptions to ecosystem functioning, and thus should
be monitored over the long-term in relation to environmental conditions (Richards et al.
2021).
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Changes in extrinsic factors, e.g., environmental conditions can impact various
aspects of seabird life-history such as, timing of migration, nesting, or foraging behaviour
in a diversity of often hard to predict ways (Grémillet and Boulinier 2009) For example,
during the non-breeding season razorbills (Alca torda) on the Isle of May, Scotland
adjusted their over-wintering foraging locations to match prey availability in years of
contrasting environmental conditions by migrating further to more southerly regions of
the North Sea, ultimately resulting in a lower magnitude of change in reproductive
success between years (St. John Glew et al. 2019). In contrast, Atlantic puffins
(Fratercula arctica) from the same multi-species breeding colony did not adjust overwinter movements, leading to a greater magnitude of change in reproductive success,
with lower reproductive success when environmental conditions were poor in the
northeastern North Sea (St. John Glew et al. 2019). Extrinsic factors influencing foraging
behaviour can also include variation in biotic factors, such as intra- and interspecific
competition or chick demand. To offset the costs of chick demand, when adults must
forage for themselves and their offspring, Manx shearwaters (Puffinus puffinus) adopt a
bimodal foraging strategy during the chick-rearing period, alternating between short trips
to feed chicks and long trips to feed themselves, maximizing energy allocation (Shoji et
al. 2015). In addition to being affected by multiple extrinsic factors, seabirds must also
balance demands from numerous, often competing, intrinsic factors ranging from
physiological function to the direct and indirect effects of phenotypic sex. Sex-specific
behavioural differences have been especially observed in sexually size-dimorphic
seabirds such as the wandering albatross (Diomedea exulans) (Weimerskirch et al. 1997),
but have also been observed in monomorphic seabirds such as little auks (Alle alle), and
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are thought to be a result of carry over effects associated with the intrinsic demands of
reproduction (e.g., egg production in females; Welcker et al. 2009). Birds experience
both impacts of extrinsic and intrinsic factors on foraging behaviour in tandem,
ultimately impacting foraging success and therefore both adult and offspring condition
(Storey et al. 2017). We thus expect that any constraints and trade-offs that seabirds face
when trying to balance adult self-maintenance (e.g., energetic condition) and chick
demand (extrinsic demand) to be more pronounced as environmental quality declines,
necessitating adults to flexibly change foraging behaviour to maintain foraging success.
Despite the conceptual simplicity and elegance of these expected environmentally-driven
relationships, quantifying how environmental variability and chick demand combine to
impact foraging behaviour and foraging success in free-ranging seabirds can be difficult.
Taking an integrative approach by combining behavioural metrics, physiological traits,
and reproductive demand should help to quantify these trade-offs and therefore our
ability to understand how further environmental change will impact the shape and
outcome of these relationships.
We investigated how chick demand interacts with environmental variation to
affect foraging flexibility and success in thick-billed murres breeding in an Arctic region
facing ongoing levels of climate change. Specifically, we used a multi-year dataset to i)
investigate how environmental influences on foraging flexibility affected foraging
success (measured via energetic physiology) during the incubation and chick-rearing
breeding periods, ii) assess the impact of chick age (as a proxy for chick demand) on
foraging flexibility and success, and iii) determine whether chick age and environmental
conditions interact to impact foraging flexibility and success. We measured foraging and
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diving behaviour using GPS accelerometer units to assess responsiveness of behaviour to
inter-annual variation in environmental conditions. We then combined this information
with multiple measures of energetic physiology to determine how environmentally-driven
changes to foraging behaviour impacted foraging success and parental energetic demand.
Lastly, using chick age as a proxy for chick demand we examined how the expected
trade-off between offspring and adult maintenance ultimately influenced foraging success
and parental energetic demand in the face of environmental change. We hypothesized
that both foraging and diving behaviour, and therefore subsequent foraging success and
parental energetic demand, would vary in response to environmental conditions: murres
should increase their search effort in low ice years (reduced prey availability) resulting in
birds making either longer trips or more trips, as well as, increasing the amount of time
and effort spent in foraging dives, leading to lower foraging success and negative impacts
on parental energetic demand. We then hypothesized that murres would adjust foraging
and diving behaviour in response to chick age: as chicks age (demand increases) murres
should forage further from the colony, as prey resources surrounding the colony become
depleted, resulting in lower foraging success and negative impacts on parental energetic
demand as chicks age. Lastly, we hypothesized that both environmental conditions and
chick age would interact with foraging behaviour to impact adult foraging success and
energetic demand, where we predicted that foraging success and parental energetic
demand would be lowest in low ice years and when chicks were oldest. By linking
foraging flexibility and foraging success to environmental conditions and chick demand
using this integrative approach of behavioural-physiological integration our aim is to
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identify how extrinsic and intrinsic factors interact to impact an Arctic breeding seabird
facing ever-increasing rates of climate change.

METHODS
Study Site: Coats Island, Nunavut
We conducted fieldwork at the Coats Island, Nunavut murre colony (West colony,
62°56′52.20” N, 82°01′03.70” W and East colony, 62°56'49.2"N 81°58'48.0"W) from
2017 to 2019. The Coats Island murre colony is located south of Coral Harbour, Nunavut
in the northern Hudson Bay region and is an Environment and Climate Change Canada
(ECCC) long-term monitoring site, with monitoring beginning in 1981. Coats Island is a
relatively small colony with only 30,000 breeding pairs, limited by available suitable
open nesting habitat on cliff ledges.

Environmental Conditions
To investigate the difference in environmental conditions between years sea ice extent
(%) and sea surface temperature (SST; C) were measured within a 130 km radius (the
maximum foraging distance of murres at Coats Island, respective to study years) of the
Coats Island colony for each year (2017 to 2019) during the breeding period (June 15th to
August 15th). Sea ice extent and sea surface temperature were both downloaded from the
same product, the ‘global ocean Operational SST and Ice Analysis (OSTIA)’ product
from the Copernicus Marine Environment Monitoring Service
(https://resources.marine.copernicus.eu/?option=com_csw&view=details&product_id=SS
T_GLO_SST_L4_NRT_OBSERVATIONS_010_001), at a 0.05 by 0.05 resolution
(Good et al. 2020). To contrast broad-scale inter-annual differences in environmental
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conditions between years we ran a principal components analysis on sea surface
temperature and sea ice extent using the ‘principal’ function from the psych package in R
to create a composite of environmental conditions (Revelle 2020). There was only a
single eigenvalue greater than one (eigenvalue = 1.82), which explained 91% of the
variation for the PCA on sea surface temperature and sea ice extent, resulting in one
factor, ePC1, where sea surface temperature was positively loaded (0.954) and sea ice
extent was negatively loaded (-0.954; Table 3.1). We then averaged the environmental
conditions principal component scores (ePC1) over the period of GPS deployments (see
details below) to investigate behavioural responses to fine-scale environmental change.

Murre Field Sampling and GPS Deployment
We complied to the University of Windsor Animal Use Care Permit (AUPP: 15-04), the
McGill Animal Care permit (2015-7599), and Environment and Climate Change Canada
collection and Animal Care permits (NUN-SCI-14-11, EC-PN-14-017, EC-PN-15-017) for
all fieldwork. During the incubation and chick-rearing periods, we caught adult murres at
nest sites with a noose pole. After capture blood samples were drawn (1 to 2 ml using a 25guage needle and a 3 mL syringe) from the brachial or jugular vein. To effectively measure
baseline physiology (see below) blood samples were drawn within 3 minutes of capturing.
We then emptied samples into a heparinized vacutainer and stored them on ice (8 hours
maximum) until the time of processing. To process samples in the field and prepare them
for storage until hormones and metabolites could be measured, we separated plasma from
red blood cells by centrifuging whole blood at 10 000 rpm for 5 to 10 minutes. To store
samples, we placed plasma and red blood cells in their own respective cryovials, which
were stored for the rest of the field season in a -80˚C cryo-shipper. Additionally, to later
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DNA sex birds (following Elliott et al. 2010) we took a smear of red blood cells. We stored
samples in a -80˚C freezer after returning from the field until laboratory assays could be
conducted (see Energetic Physiology below).
For individual identification of murres, we placed a numbered aluminum meatal
band (from the U.S. Fish and Wildlife Service bird banding lab; band is later used for
individual identification in models – see Statistical Analysis below) on the right tarsus
and a coloured Darvic band on the left tarsus of each murre, following blood sampling.
To quantify individual body size, we measured wing length (mm) and tarsus length (mm)
with a ruler, bill depth (mm) with calipers, and mass (g) with a Pesola scale and cloth bag
or a kitchen scale and a plastic jug. After taking measurements, using TESA© tape, cable
ties and super glue, GPS accelerometers (AXY-Trek™, Technosmart, 18 g, 1.9% of body
mass) were fitted to the dorsal feathers of adult murres (following Paredes et al. 2005).
GPS accelerometers were set to record a GPS fix every 1 or 3 minutes, acceleration at 25
HZ in three axes, depth at 1 Hz and 0.1 m resolution (Patterson et al. 2019), and were left
on for an average of 2 days. To retrieve GPS accelerometers murres were recaptured, a
second blood sample was taken, and body mass was re-measured following removal of
the GPS accelerometer. In addition to GPS deployment, we monitored breeding plots
daily to estimate lay date, hatch date, and fledge date for each nest using standardized
techniques (following Gaston et al. 2009) to ultimately estimate chick age (our proxy for
chick demand) at the time of GPS deployment.
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Energetic Physiology
To quantify energetic demand and foraging success, from post-foraging hormone and
metabolite levels and ratios (post-foraging/pre-foraging levels) we measured plasma
triglycerides (TRIG), baseline corticosterone (bCORT), beta-hydroxybutyrate (B-OH),
and non-esterified fatty acids (NEFA). To measure TRIG concentration (mmol/L) we
used a commercially available assay kit (#TR0100-1KT; Sigma Aldrich, USA;
previously validated by Williams et al. 2007). We diluted plasma (8 μL) with ultrapure
water (8 μL) to run in duplicate with control plasma (Sigma-Aldrich, USA), a standard
curve of the kit for the glycerol standard (Hennin et al. 2015), and glycerol reagent (240
μL), we then measured the solution with a spectrophotometer at 540 nm to measure free
glycerol. We then added a triglyceride reagent (60 μl) to the solution and measured the
solution with a spectrophotometer at 540 nm to measure total glycerol. Finally, to obtain
TRIG concentration (mmol/L) we took the difference between free and total glycerol. To
measure bCORT concentration (ng/mL) we placed 20 µL of plasma in a tube with 1 mL
of distilled water and 5 mL of dichloromethane, vortexed the solution, and left the
solution to separate for two hours. We then placed the dichloromethane phase into a
scintillation vial, leaving the scintillation vial to evaporate in a fume hood. Once this
evaporated, we rehydrated the samples with an assay buffer and vortexed the samples for
30 seconds. Finally, using a commercial enzyme-linked immunoassay kit (EIA; Assay
Designs, USA) we assayed the samples at a 1:40 dilution in triplicate (Hennin et al.
2015). A control was run with all samples to calculate coefficients of intra- and interassay variation within and across assay plates. To measure B-OH concentration (mmol/L)
we used a kinetic assay (SIGMA, Guglielmo et al. 2002; previously validated by Lamarre
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et al. 2017). We ran samples in duplicate, either adding B-OH dehydrogenase reagent (2
μL) and reagent buffer (2 μL) to plasma (11 μL) or to the standard (11 μL). The solution
was then measured with a spectrophotometer at 492 nm to obtain B-OH concentrations.
To measure NEFA we used a commercially available assay kit to (NEFA HR2, Wako
Diagnostics, USA; previously validated by Smith et al. 2007 and Jeanniard du Dot et al.
2009). We ran samples in duplicate, adding 200 (μL) of reagent A and 100 (μL) of
reagent B to plasma (5 μL), we then measured the solution with a spectrophotometer at
550 nm to obtain NEFA concentrations (mmol/L).

Foraging Metrics and Average Daily Energetic Expenditure
GPS accelerometer data was cleaned and processed in R 4.02 (R Core Team 2020). GPS
accelerometer data was removed if the GPS malfunctioned (e.g., recorded bad depth
values) or died on the first trip. Wing-beat frequency, pitch, and the standard deviation of
overall dynamic body acceleration were calculated from accelerometer data to define
behaviours (swimming, diving, flying, and resting at the colony) using hidden Markov
models with the “momentuHMM” package in R (McClintock and Michelot 2018;
following Patterson et al. 2019). Once behaviours were classified, foraging trips were
defined based on diving behaviour. If murres made more than one dive they were
considered to be in a foraging trip. In addition, based on feeding-watch data (Elliott et al.
unpubl. data) combined with GPS accelerometer data, we observed murres making a
single dive then delivering a prey item to their chick, thus if murres made one dive that
was greater than the median maximum dive depth of all years (6.96 metres; to filter out
dives associated with preening close to the colony) they were also considered to be in a
foraging trip.
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Once foraging trips were defined, for each trip three foraging metrics were
calculated, maximum distance travelled (km), total distance travelled (km), and trip
duration (hours) and eight diving metrics were calculated maximum dive depth (m),
mean dive depth (m), maximum dive duration (minutes), mean dive duration (minutes),
number of dives, number of dive bouts, mean dives per dive bout, and time diving
(hours). The trip summaries were then used to calculate foraging and diving metrics
throughout the entire deployment. Deployment foraging metrics included maximum
distance travelled (km), average daily distance travelled (km), mean trip distance (km),
mean trip duration (hours), and number of trips per day. Diving deployment metrics
included maximum dive depth (m), mean dive depth (m), maximum dive duration (min),
mean dive duration (min), mean dives per dive bout, number of dives per day, number of
dive bouts per day, and time diving per day (hours). Classified behaviours were also used
to calculate average daily energetic expenditure (DEE; kJ/day) from the deployment
period using the duration of each activity (T; hours) and estimates of energy associated
with each activity (resting at the colony =32 kJ, flying = 532.8 kJ, swimming = 100.8 kJ,
and diving = 97.2 kJ) from Elliott et al. (2013) and the equation from Patterson et al.
(2019):
𝐷𝐸𝐸 =

32.0∗𝑇𝐶𝑜𝑙𝑜𝑛𝑦 + 532.8∗𝑇𝐹𝑙𝑦𝑖𝑛𝑔 + 100.8∗𝑇𝑆𝑖𝑚𝑚𝑖𝑛𝑔 +97.2∗𝑇𝐷𝑖𝑣𝑖𝑛𝑔
𝐷𝑒𝑝𝑙𝑜𝑦𝑚𝑒𝑛𝑡 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛∗24

As murres have sex-stereotyped foraging behaviour at Coats Island, any birds that were
unable to be sexed using DNA were sexed based on behaviour (i.e. time at the nest;
Elliott et al. 2010). Murres were classified as females if they were on the nest consistently
between 23h30 and 3h30 and murres were classified as males if they were on the nest
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consistently between 11h30 and 15h30 (previously shown to be 100% accurate when
compared to DNA sexing, unpublished data, K. Elliott, person. comm.).
To simplify analyses, we ran principal components analysis (PCA) to reduce our
foraging metrics and diving metrics to fewer relevant variables for the incubation and
chick-rearing period at the deployment level. When two factors were retained, they were
varimax rotated. For foraging metrics during the incubation period PCA generated two
eigenvalues greater than one (3.06 and 1.33), collectively explaining 87.9% of the
variation. For foraging rotated component one (fRC1) maximum distance, average daily
distance, and mean trip distance were strongly positively loaded (Table 3.2). For foraging
rotated component two (fRC2) number of trips per day was strongly positively loaded,
while mean trip distance and mean trip duration was strongly negatively loaded (Table
3.2). For diving metrics during the incubation period, PCA generated three eigenvalues
greater than one (2.54, 2.45, and 1.33, respectively), collectively explaining 78.8% of the
variance. For diving rotated component one (dRC1) maximum dive depth and mean dive
depth were strongly negatively loaded, while maximum dive duration and mean dive
duration were strongly positively loaded. On diving rotated component two (dRC2) mean
dives per dive bout, number of dives per day, and time diving per day were strongly
positively loaded. As number of dive bouts per day was the only variable strongly loaded
on rotated component three, and was weakly loaded on rotated components one and two,
we chose to remove the term from the PCA and test it separately. After removing number
of dive bouts per day, PCA resulted in two eigenvalues greater than one (2.53 and 2.39,
respectively) collectively explaining 70.3% of the variance. Maximum dive depth and
mean dive depth were strongly negatively loaded variables on diving rotated component
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one (dRC1), whereas maximum dive duration and mean dive duration were strongly
positively loaded (Table 3.3). Mean dives per bout, number of dives per day and time
diving per day were positively loaded on diving rotated component two (dRC2; Table
3.3).
For foraging metrics during the chick-rearing period, PCA generated two
eigenvalues greater than one (2.86 and 1.45, respectively), collectively explaining 86.2%
of the variance. Mean trip distance and mean trip time were strongly positively loaded
onto foraging rotated component one (fRC1), whereas, number of trips daily was strongly
negatively loaded (Table 3.4). Maximum distance, average daily distance, and mean trip
distance were strongly positively loaded on foraging rotated component two (fRC2;
Table 3.4). For diving metrics during the chick-rearing period PCA generated three
eigenvalues greater than one (3.84, 1.92, and 1.03, respectively), collectively explaining
84.9% of the variance. For diving rotated component one (dRC1) maximum dive depth
and mean dive depth were strongly positively loaded, while maximum dive duration and
mean dive duration were strongly negatively loaded. On diving rotated component two
(dRC2) mean number of dives per dive bout, number of dives per day, and time diving
per day were strongly positively loaded. As number of dive bouts per day was the only
variable strongly loaded on diving component 3, and was weakly loaded on components
one and two, we removed it from the PCA and tested it separately. After removing
number of dive bouts per day, the PCA resulted in two eigenvalues greater than one (3.75
and 1.87, respectively), collectively explaining 80.1% of the variance. Maximum dive
depth and mean dive depth were strongly positively loaded on diving rotated component
one (dRC1), whereas maximum dive duration and mean dive duration were strongly
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negatively loaded (Table 3.5). Mean dives per bout, number of dives per day, and time
diving per day were positively loaded on diving rotated component two (dRC2; Table
3.5).
We conducted kernel density analysis to quantify the foraging area of murres
during each breeding stage for all study years using GPS locations associated with diving
(locations associated with swimming, flying, or resting at the colony were excluded). The
95% and 50% utilization distributions were calculated with the ‘kernelUD’ and
‘getverticeshr’ functions from the adehabitatHR package with smoothing parameters
estimated using the ‘href’ method (Calenge 2006). Core foraging area is represented by
the 50% utilization distribution and the overall foraging range area is represented by the
95% utilization distributions. Using the ‘kerneloverlap’ function the Bhattacharyya’s
affinity index (BA) was calculated to measure spatial similarity between the 95%
utilization distributions (overall foraging area) of each year within each breeding stage.
BA makes a pairwise comparison between two utilizations distributions [UDi (x, y) and
UDj (x, y)], 𝐵𝐴 = ∫𝑥 ∫𝑦 √𝑈𝐷𝑖 (𝑥, 𝑦) × √𝑈𝐷𝑗 (𝑥, 𝑦) , where the output ranges from 0 (no
spatial similarity) to 1 (complete spatial similarity; (Fieberg and Kochanny 2005).

Statistical Analyses
Environmental Conditions
We compared environmental conditions (ePC1 – sea surface temperature and sea ice
extent) across years with a non-parametric Kruskall-Wallis test with the ‘kruskal.wallis’
function and a Bonferroni p-value adjusted pairwise Wilcox-test with the
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‘pairwise.wilcox.test’ function. Ultimately defining years as high ice regime (high ice,
cool years) or low ice regime years (low ice, warm years).

Foraging, Average Daily Energetic Expenditure, and Physiology Models
We analyzed incubation and chick-rearing periods separately, as we wanted to test the
effects of chick age on foraging behaviour during the chick-rearing period. To account
for repeated sampling of individuals using the lme4 package we ran either linear mixed
models (LMMs; ‘lmer’ function) or generalized mixed models (GLMMs: ‘glmer’
function) with a gamma distribution and a log-link. We used the ‘lm’ function to fit linear
models when low number of repeated individuals did not allow for the use of mixed
models (repeat individuals were removed using the ‘duplicate’ function from the dplyr
package). We visually inspected residuals versus fitted values plots to assess
homogeneity of variance and quantile-quantile plots to assess normality for both fixed
and random effects to check that the model assumptions were met. We used likelihood
ratio tests (LRT) to test for the significance of fixed effects on full models fit with
maximum likelihood estimation, we removed interactions from the model if they were
nonsignificant (p > 0.05). We used the ‘dredge’ function from the MuMIn package which
uses an information-theoretic approach ranking models using the Akaike Information
Criterion (AIC) corrected for small samples sizes (AICc; Barton 2020) to assess the fit of
our models (see Appendix A: Appendix 7-12 for model comparisons). We then used
restricted maximum likelihood estimation (REML) to re-fit models and obtained tstatistics using the ‘summary’ function from the lmertest package (Kuznetsova et al.
2017). We made pairwise comparisons with a Tukey’s HSD test using the emmeans
package (Lenth 2020) when interactions between categorical variables were significant (p
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< 0.05). Lastly, we calculated marginal R2 (𝑟𝑚2 ; proportion of variance in the model
explained by the fixed effects) and conditional R2 (𝑟𝑐2 ; proportion of variance in the
model explained by fixed and random effects) for all models (Nakagawa et al. 2017;
Barton 2020) using the ‘r.squaredGLMM’ from the MuMIn package.
To test for a relationship between broad-scale environmental change (sea ice
regime) and both foraging (fRC1 – maximum distance, average daily distance and mean
trip distance; fRC2 – mean trip duration, and number of trips per day) and diving
behavior (dRC1 – maximum dive depth, maximum dive duration, mean dive depth, and
mean dive duration; dRC2 – mean dives per bout, number of dives per day, and time
diving per day; and number of dive bouts per day) during the incubation period we fit
LMMs with sea ice regime, sex, and their interaction as fixed effects, year as a fixed
effect to control for residual variation, band fit as a random effect to account for repeated
individuals, start date of GPS deployment fit as a random effect to account for temporal
autocorrelation, and fRC1, fRC2, and dRC1 respectively fit as the response variables. As
model assumptions were not met for dRC2 and number of dive bouts per day we instead
ran a GLMM with the same fixed and random effects for dRC2 (positivized values) and
number of dive bouts per day. To test for a relationship between fine-scale environmental
change (ePC1 – sea ice extent and sea surface temperature) and both foraging (fRC1 –
maximum distance, average daily distance and mean trip distance; fRC2 – mean trip
duration, and number of trips per day) and diving behavior (dRC1 – maximum dive
depth, maximum dive duration, mean dive depth, and mean dive duration; dRC2 – mean
dives per bout, number of dives per day, and time diving per day; and number of dive
bouts per day) during the incubation period we fit linear mixed models with ePC1, sex,
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and their interaction as fixed effects, year as a fixed effect to control for residual
variation, band as a random effect to account for repeated individuals, and fRC1, fRC2,
dRC1, and number of dive bouts per day respectively as the response variable. As model
assumptions were not met for dRC2 we instead ran a GLMM with the same fixed and
random effects for dRC2 (positivized values).
To test for broad-scale effects of environmental conditions (sea ice regime) and
chick age on foraging behaviour (fRC1 – mean trip distance, mean trip duration, and
number of trips per day; fRC2 – maximum distance, average daily distance, and mean
trip distance) and diving behaviour (dRC1 – maximum dive depth, maximum dive
duration, mean dive depth; dRC2 – mean dives per bout, number of dives per day, and
time diving per day; number of dive bouts per day) we fit LMMs with sea ice regime,
chick age, sex, and their three-way interaction as fixed effects, year as a fixed effect to
account for residual variation, band as a random effect to account for repeated
individuals, and fRC1, fRC2, dRC1, dRC2, and number of dive bouts per day
respectively as response variables. To test for fine-scale effects of environmental
conditions (ePC1 – sea ice extent and SST) and chick age on foraging (fRC1 – mean trip
distance, mean trip duration, and number of trips per day; fRC2 – maximum distance,
average daily distance, and mean trip distance) and diving behaviour (dRC1 – maximum
dive depth, maximum dive duration, mean dive depth; dRC2 – mean dives per bout,
number of dives per day, and time diving per day; number of dive bouts per day) we fit
LMMs with ePC1, chick age, sex, and their three-way interaction as fixed effects, year as
a fixed effect to account for residual variation, band as a random effect to account for
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repeated individuals, and fRC1, fRC2, dRC1, dRC2, and number of dive bouts per day
respectively as the response variables.
To test for broad-scale effects of environmental conditions (sea ice regime),
foraging behaviour (fRC1 – maximum distance, average daily distance and mean trip
distance; fRC2 – mean trip duration, and number of trips per day), and diving behaviour
(dRC1 – maximum dive depth, maximum dive duration, mean dive depth, and mean dive
duration; dRC2 – mean dives per bout, number of dives per day, and time diving per day;
and number of dive bouts per day) on average daily energetic expenditure (DEE) during
the incubation period we fit a LMM with sea ice regime, fRC1, the interaction of sea ice
regime and fRC1, fRC2, dRC1, dRC2, the interaction of sea ice regime and dRC2, and
number of dive bouts per day, and sex as fixed effects, year as a fixed effect to account
for residual variation, band as a random effect to account for repeated individuals and
average daily energetic expenditure as the response variable. To test for fine-scale effects
of environmental conditions (ePC1 – sea ice extent and sea surface temperature),
foraging behaviour (fRC1 – maximum distance, average daily distance and mean trip
distance; fRC2 – mean trip duration, and number of trips per day), and diving behaviour
(dRC1 – maximum dive depth, maximum dive duration, mean dive depth, and mean dive
duration; dRC2 – mean dives per bout, number of dives per day, and time diving per day;
and number of dive bouts per day) on average daily energetic expenditure (DEE) during
the incubation period we fit a LMM with ePC1, fRC1, the interaction of ePC1 and fRC1,
fRC2, the interaction of fRC2 and ePC1, dRC1, the interaction of ePC1 and dRC1, dRC2,
the interaction of ePC1 and dRC2, and number of dive bouts per day, and sex as fixed
effects, year as a fixed effect account to account for residual variation, band as a random
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effect to account for repeated individuals, and average daily energetic expenditure as the
response variable.
To test for broad-scale effects of environmental conditions (sea ice regime), chick
age, foraging behaviour (fRC1 – mean trip distance, mean trip duration, and number of
trips per day; fRC2 – maximum distance, average daily distance, and mean trip distance),
and diving behaviour (dRC1 – maximum dive depth, maximum dive duration, mean dive
depth; dRC2 – mean dives per bout, number of dives per day, and time diving per day;
number of dive bouts per day) on average daily energetic expenditure (DEE) during the
chick-rearing period we fit a LMM with sea ice regime, fRC1, the interaction of sea ice
regime and fRC1, fRC2, dRC1, dRC2, the interaction of dRC2 and chick age, chick age,
the interaction of dRC2 and chick age, number of dive bouts per day, and the interaction
of sea ice regime, number of dive bouts per day, and chick age, and sex as fixed effects,
year as a fixed effect to account for residual variation, band as a random effect to account
for repeated individuals, and average daily energetic expenditure as the response variable.
To test for fine-scale effects of environmental conditions (ePC1 – sea ice extent and
SST), chick age, foraging behaviour (fRC1 – mean trip distance, mean trip duration, and
number of trips per day; fRC2 – maximum distance, average daily distance, and mean
trip distance), and diving behaviour (dRC1 – maximum dive depth, maximum dive
duration, mean dive depth; dRC2 – mean dives per bout, number of dives per day, and
time diving per day; number of dive bouts per day) on average daily energetic
expenditure (DEE) during the chick-rearing period we fit a linear mixed model with
ePC1, fRC1, fRC2, chick age, the interaction of fRC2, ePC1, and chick age, dRC1, the
interaction of dRC1 and chick age, dRC2, number of dive bouts per day, and the
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interaction of number of dive bouts per day, ePC1 and chick age, and sex as fixed effects,
year as a fixed effect to account for residual variation, band as a random effect to account
for repeated individuals and average daily energetic expenditure as the response variable.
To test for broad-scale effects of environmental conditions (sea ice regime),
foraging behaviour (fRC1 – maximum distance, average daily distance and mean trip
distance; fRC2 – mean trip duration, and number of trips per day), and diving behaviour
(dRC1 – maximum dive depth, maximum dive duration, mean dive depth, and mean dive
duration; dRC2 – mean dives per bout, number of dives per day, and time diving per day;
and number of dive bouts per day) on foraging success (post-foraging and ratio TRIG,
bCORT, B-OH) during the incubation period we fit linear mixed models or linear models
(when low number of repeated individuals precluded the use of a linear mixed model)
with sea ice regime, fRC1, the interaction of sea ice regime and fRC1, fRC2, dRC1,
dRC2, the interaction of sea ice regime and dRC2, and number of dive bouts per day, and
sex as fixed effects, band as a random effect to account for repeated individuals (when a
LMM was used), and post-foraging TRIG (log-scaled), TRIG ratio, post-foraging
bCORT (log-scaled), bCORT ratio (log-scaled), post-foraging BOH (log-scaled), and
BOH ratio (log-scaled) respectively as the response variables (which were log-scaled to
meet model assumptions when necessary). As we only had two years (2018 – high ice
regime and 2019 – low ice regime) for physiological metrics (TRIG, bCORT, and BOH)
during the incubation period we did not need to include year as a fixed effect in the
models. As we only had one year for NEFA (2019) we could not run a sea ice regime
model.
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To test for fine-scale effects of environmental conditions (ePC1 – sea ice extent
and sea surface temperature), foraging behaviour (fRC1 – maximum distance, average
daily distance and mean trip distance; fRC2 – mean trip duration, and number of trips per
day), and diving behaviour (dRC1 – maximum dive depth, maximum dive duration, mean
dive depth, and mean dive duration; dRC2 – mean dives per bout, number of dives per
day, and time diving per day; and number of dive bouts per day) on foraging success
(post-foraging and ratio TRIG, bCORT, B-OH, and NEFA) during the incubation period
we fit linear mixed models or linear models (when low number of repeated individuals
precluded the use of a linear mixed model) with ePC1, fRC1, the interaction of ePC1 and
fRC1, fRC2, the interaction of fRC2 and ePC1, dRC1, the interaction of ePC1 and dRC1,
dRC2, the interaction of ePC1 and dRC2, and number of dive bouts per day, and sex as
fixed effects, year as a fixed account to account for residual variation (with the exception
of NEFA models, as there was only one year – 2019), band as a random effect to account
for repeated individuals (when a linear mixed model was used), and post-foraging TRIG
(log-scaled), TRIG ratio, post-foraging bCORT (log-scaled), bCORT ratio (log-scaled),
post-foraging BOH (log-scaled), BOH ratio (log-scaled), post-foraging NEFA (logscaled), and NEFA ratio (log-scaled) respectively as response variables (log-scaled to
meet model assumptions when necessary).
As we only had one year (2019) of physiological metrics (TRIG, bCORT, BOH,
and NEFA) during the chick-rearing period we could only run fine-scale environmental
conditions models. To test for fine-scale effects of environmental conditions (ePC1 – sea
ice extent and sea surface temperature), chick age, foraging behaviour (fRC1 – mean trip
distance, mean trip duration, and number of trips per day; fRC2 – maximum distance,
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average daily distance, and mean trip distance), and diving behaviour (dRC1 – maximum
dive depth, maximum dive duration, mean dive depth; dRC2 – mean dives per bout,
number of dives per day, and time diving per day; number of dive bouts per day) on
foraging success (post-foraging and ratio TRIG, bCORT, and B-OH) during the chickrearing period we fit linear models (low number of repeated individuals precluded the use
of linear mixed models) with ePC1, fRC1, fRC2, chick age, the interaction of fRC2,
ePC1, and chick age, dRC1, the interaction of dRC1 and chick age, dRC2, number of
dive bouts per day, and the interaction of number of dive bouts per day, ePC1 and chick
age, and sex as fixed effects, and post-foraging TRIG (log-scaled), TRIG ratio (logscaled), post-foraging bCORT (log-scaled), bCORT ratio (log-scaled), post-foraging
BOH (log-scaled), BOH ratio (log-scaled), post NEFA (log-scaled), and NEFA ratio (logscaled) respectively as the response variables (log-scaled to meet model assumptions
when necessary).

RESULTS
Inter-annual Variation in Environmental Conditions
We found inter-annual variation in environmental conditions (ePC1 – sea ice extent and
sea surface temperature; 2 = 27.8, df = 2, padjusted < 0.0001), where 2018 varied from
both 2017 (padjusted = 0.0005) and 2019 (padjusted < 0.0001; Figure 3.1). However, ePC1 did
not vary between 2017 and 2019 (padjusted = 0.10). For this reason, 2019 and 2017 were
categorized as low ice regime years (warm, low ice) and 2018 was categorized as a high
ice regime year (cool, high ice).
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Inter-annual Variation in Foraging Area
During the incubation period foraging area was largest during 2018 (foraging area = 3821
km2; Figure 3.2), where there was high spatial similarity with 2019 (BA = 0.83; foraging
area = 3333 km2; Figure 3.2) and moderate spatial similarity with 2017 (BA = 0.58;
foraging area = 2585 km2; Figure 3.2). In addition, there was moderate spatial similarity
between 2017 and 2019 foraging ranges (BA = 0.69). During the chick-rearing period
there was high spatial similarity between years (BA 2017 – 2018 = 0.78; BA 2017 –
2019 = 0.85; BA 2018 – 2019 = 0.83), with 2019 having the largest foraging area (2340
km2; Figure 3.2), followed by 2018 (1818 km2; Figure 3.2), and 2017 (1739 km2: Figure
3.2).

Variation in Foraging and Diving Behaviour
Incubation
During the incubation period we found an effect of sea ice regime on fRC1 (Table 3.6)
and dRC2 (Table 3.7): murres in low ice years made shorter trips (low ice regime: mean
fRC1± SE = -0.17 ± 0.08; high ice regime: mean fRC1 ± SE = 0.22 ± 0.13) and fewer
dives (low ice regime: mean dRC2 = 2.95 ± 0.10; high ice regime: mean dRC2 = 3.07 ±
0.11). However, there was no effect of sea ice regime on fRC2 (Table 3.6), dRC1 (Table
3.6), or number of dive bouts per day (Table 3.7), where number of trips made per day
(fRC2), dive depth and duration (dRC1), and number of dive bouts per day remained
consistent across sea ice regimes. For the sea ice regime models there was no interaction
between sea ice regime and sex in the fRC1 model (LRT: χ2 = 0.03, p = 0.85), the fRC2
model (LRT: χ2 = 1.15, p = 0.28), the dRC1 model (LRT: χ2 = 0.50, p = 0.48), the dRC2
model (LRT: χ2 = 2.04, p = 0.15), or in the number of dive bouts per day model (LRT: χ2
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= 1.48, p = 0.22), therefore the interactions were removed. We found a negative
relationship between fine-scale environmental conditions (ePC1) and fRC1 (Table 3.8),
fRC2 (Table 3.8), dRC1 (Table 3.8), and dRC2 (Table 3.7), as ePC1 scores increase (ice
dissipates and sea surface temperature increases), trip length increases (fRC1; Figure
3.3A), number of trips per day increases (fRC2; Figure 3.3B), dive depth and duration
decrease (dRC1; Figure 3.3C), and number of dives decreases (dRC2; Figure 3.3D). This
trend was not observed for number of dive bouts per day, which remained consistent
across the environmental gradient (Table 3.8). Lastly, we found an effect of sex on fRC2
(Table 3.8), dRC1 (Table 3.8) and dRC2 (Table 3.7), where females made fewer trips
(females: mean fRC2 ± SE = 0.16 ± 0.12; males: mean fRC2 ± SE = -0.07 ± 0.10),
deeper dives (females: mean dRC1 ± SE = 0.53 ± 0.17; males: mean dRC1 ± SE = -0.21
± 0.07), and fewer dives (females: mean dRC2 ± SE = 2.68 ± 0.13; males: mean dRC2 ±
SE = 3.14 ± 0.09) compared to males. For the environmental conditions models there was
no interaction between ePC1 and sex in the fRC1 model (LRT: χ2 = 0.0002, p = 0.99),
the fRC2 model (LRT: χ2 = 0.08, p = 0.78), the dRC1 model (LRT: χ2 = 2.43, p = 0.12),
the dRC2 model (LRT: χ2 = 2.26, p = 0.13), or the number of dive bouts per day model
(LRT: χ2 = 2.65, p = 0.10).
Chick-rearing
For diving behaviour, we found an interactive effect of sea ice regime and chick age on
number dive bouts per day (Table 3.9), after removing nonsignificant interactions
between sea ice regime, sex, and chick age (LRT: χ2 = 0.007, p = 0.93) and sea ice
regime and sex (LRT: χ2 = 2.20, p = 0.14) from the model. Under a high ice regime
number of dive bouts per day increased with chick age, conversely under low ice regimes
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the number of dive bouts per day remained constant. Additionally, we found an
interactive effect of ePC1, sex, and chick age on number of dive bouts per day (Table
3.10), where there was a stronger negative relationship between ePC1 and the number of
dive bouts per day for females at older chick ages: as chicks grew older adult females
made more dive bouts per day when ePC1 scores were low (high sea ice extent, low sea
surface temperature). Furthermore, we found an interactive effect of sea ice regime and
sex on dRC2 (Table 3.9), after removing nonsignificant interactions between sea ice
regime, chick age, and sex (LRT: χ2 = 0.59, p = 0.44), sea ice regime and chick age
(LRT: χ2 = 0.02, p = 0.88) and chick age and sex (LRT: χ2 = 0.03, p = 0.87) from the sea
ice regime model. Females made fewer dives, spending less time diving than males in
low sea ice regimes (females: mean dRC2 ± SE = -0.38 ± 0.11; males: mean dRC2 ± SE
= 0.67 ± 0.13), however dRC2 did not differ between sexes in a high ice regime (Tukey’s
HSD: t = -1.72, p = 0.32), and dRC2 did not differ between sea ice regimes for females
(Tukey’s HSD: t = 2.05, p = 0.32) or males (Tukey’s HSD: t = -3.20, p = 0.36). There
was no effect of ePC1 on dRC2 (Table 3.10), after removal of nonsignificant interactions
between ePC1, chick age, and sex (LRT: χ2 = 0.05, p = 0.83), ePC1 and chick age (LRT:
χ2 = 3.44, p = 0.06), ePC1 and sex (LRT: χ2 = 0.11, p = 0.74), chick age and sex (LRT:
χ2 = 2.17, p = 0.14). We also found an effect of sex on dRC1 (Table 3.9), after removing
nonsignificant effects between sea ice regime, chick age, and sex (LRT: χ2 = 2.80, p =
0.09), sea ice regime and chick age (LRT: χ2 = 0.79, p = 0.38), sea ice regime and sex
(LRT: χ2 = 0.08, p = 0.78), chick age and sex (LRT: χ2 = 0.02, p = 0.88). Females made
deeper, longer dives than males (females: mean dRC1 ± SE = -0.26 ± 0.11; males: mean
dRC1 ± SE = 0.33 ± 0.10). Finally, we also found an interactive effect of ePC1 and chick
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age on dRC1 (Table 3.10), after removing nonsignificant interactions between ePC1,
chick age, and sex (LRT: χ2 = 2.74, p = 0.10), ePC1 and sex (LRT: χ2 = 2.26, p = 0.13),
and chick age and sex (LRT: χ2 = 0.06, p = 0.80). As chick age increased, dRC1 became
progressively more strongly positively correlated with ePC1, at high ePC1 scores (higher
sea surface temperature) adult murres make shallower dives of shorter duration.
For foraging behaviour, we found an effect of chick age and sex on fRC2 (Table
3.9), after removing nonsignificant interactions between sea ice regime, chick age and
sex (LRT: χ2 = 0.05, p = 0.82), sea ice regime and chick age (LRT: χ2 = 1.57, p = 0.21),
sea ice regime and sex (LRT: χ2 = 0.07, p=0.79). In addition, we found an interactive
effect of ePC1, sex, and chick age on fRC2 (Table 3.11): for adult females there was a
positive correlation between ePC1 and fRC2 when chicks are recently hatched, i.e., when
sea surface temperature was higher, adult females forage at greater distances, where the
opposite was seen in males. Conversely, as chicks age and demand increases, for adult
females there is a negative correlation between ePC1 and fRC2, i.e., when sea surface
temperature was higher, adult females foraged at closer distances, where the opposite was
seen in males. Finally, we found no effect of sea ice regime, sex, chick age, or
environmental conditions on fRC1 (Table 3.9 and 3.11), after removing nonsignificant
interactions between sea ice regime, chick age, and sex (LRT: χ2 = 0,78), sea ice regime
and chick age (LRT: χ2 = 0.43, p = 0.51), sea ice regime and sex (LRT: χ2 = 2.02,
p=0.16), and chick age and sex (LRT: χ2 = 3.44, p = 0.06) from the sea ice regime model
and nonsignificant interactions between ePC1, chick age, and sex (LRT: χ2 = 0.28, p =
0.59), ePC1 and sex (LRT: χ2 = 1.27, p = 0.26), ePC1 and chick age (LRT: χ2 = 0.04, p=
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0.83), and sex and chick age (LRT: χ2 = 2.23, p=0.14) in the environmental conditions
model.

Variation in Average Daily Energetic Expenditure
Incubation
We found a marginal (at the p = 0.1 level) interactive effect of sea ice regime and fRC1
on average daily energetic expenditure (Table 3.12) during the incubation period, where
average daily energetic expenditure increased as murres travelled further (fRC1) under
both sea ice regimes, with the slope of the relationship being slightly higher under a high
ice regime. Additionally, we found an effect of fRC2 and the number of dive bouts per
day on average daily energetic expenditure (Table 3.12), where average daily energetic
expenditure increased as murres), made fewer trips (fRC2), and made more dive bouts
per day. Lastly, we found an effect of environmental conditions (ePC1) on average daily
energetic expenditure (Table 3.12), after removing nonsignificant interactions between
ePC1 and fRC1 (LRT: χ2 = 0.57, p = 0.45), ePC1 and fRC2 (LRT: χ2 = 0.74, p = 0.39),
ePC1 and dRC1 (LRT: χ2 = 1.11, p = 0.29), and ePC1 and dRC2 (LRT: χ2 = 0.001,
p=0.97) from the model. As sea ice extent decreased and sea surface temperature
increased (increasing ePC1 scores) average daily energetic expenditure increased.
Chick-rearing
In contrast to the incubation period, we found no effect of sea ice regime on average daily
energetic expenditure (Table 3.13), after removing nonsignificant interactions between
dRC2 and sea ice (LRT: χ2 = 0.02, p = 0.88), dRC2 and chick age (LRT: χ2 = 0.07, p =
0.79), and sea ice regime, number of dive bouts per day, and chick age (LRT: χ2 = 0.23, p
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= 0.63). However, we found effects of fRC1, fRC2, dRC1, dRC2, and number of dive
bouts per day on average daily energetic expenditure (Table 3.13). Average daily
energetic expenditure increased as murres made fewer trips (fRC1), longer trips (fRC2),
shallower dives (dRC1), more dives (dRC2), and more dive bouts per day. Lastly, we
found no effect of ePC1 on average daily energetic expenditure (Table 3.13), after
removing nonsignificant interactions between ePC1 and fRC2 (LRT: χ2 = 2.77, p = 0.09),
fRC2 and chick age (LRT: χ2 = 2.48, p = 0.11), chick age and dRC1 (LRT: χ2 = 1.98, p =
0.16), and number of dive bouts per day and chick age (LRT: χ2 = 0.002, p = 0.96).

Variation in Energetic Physiology
Incubation
Plasma Triglycerides (TRIG)
We found an effect of sea ice regime on post-foraging TRIG levels (Table 3.14), after
removing nonsignificant interactions between sea ice regime and fRC1 (LRT: χ2 = 0.88,
p = 0.35) and sea ice regime and dRC2 (LRT: χ2 = 0.89, p=0.35). Murres had higher
post-foraging TRIG levels (i.e., higher foraging success) values in a low sea ice regime
(low sea ice regime: mean log post-foraging TRIG ± SE = -0.24 ± 0.05; high sea ice
regime: mean log post-foraging TRIG ± SE = -0.46 ± 0.06). We also found an effect of
dRC2 on post-foraging TRIG levels (Table 3.14): as the number of dives and time spent
diving per day increased, post-foraging TRIG levels (foraging success) also increased.
Additionally, we found an effect of sex, where females had higher post-foraging TRIG
levels (higher foraging success; Table 3.14). Finally, there was an interactive effect of
ePC1 and fRC2 on post-foraging TRIG levels (Table 3.14), after removing nonsignificant
interactions ePC1 and dRC1 (LRT: χ2 = 1.90, p = 0.17) and ePC1 and dRC2 (LRT: χ2 =
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1.44, p = 0.23). At low ePC1 scores (high sea ice extent, low sea surface temperature)
there was a negative correlation between post-foraging TRIG levels and fRC2: postforaging TRIG levels were higher (higher foraging success) when murres made more
trips. However, as ePC1 scores increased (decrease in sea ice extent, increase in sea
surface temperature) the correlation became positive: murres had higher post-foraging
TRIG levels (higher foraging success) when making less trips. Unlike post-foraging
TRIG levels, we found no effect of sea ice regime on TRIG ratio (Table 3.15), after
removing nonsignificant interactions sea ice regime and dRC2 (F = 0.60, p = 0.44). We
did however, find a relationship between fRC2 and TRIG ratio and dRC2 and TRIG ratio
(Table 3.15). Murres had higher TRIG ratio values (higher foraging success) when they
made fewer trips (fRC2) and more dives (dRC2). Lastly, there was no relationship
between ePC1 and TRIG ratio (Table 3.15), after removing nonsignificant interactions
between ePC1 and fRC1 (F = 2.69, p = 0.10), ePC1 and fRC2 (F = 2.36, p = 0.13), ePC1
and dRC1 (F = 0.25, p = 0.62), and ePC1 and dRC2 (F = 0.0003, p = 0.99).
Baseline Corticosterone (bCORT)
We found no effect of sea ice regime on post-foraging bCORT levels (Table 3.16), after
removing nonsignificant interactions between sea ice regime and fRC1 (F = 0.20, p =
0.66 and sea ice regime and dRC2 (F = 3.36, p = 0.07). We did however find a negative
correlation between fRC1 and post-foraging bCORT levels and a positive correlation
between number of dive bouts per day and post-foraging bCORT levels (Table 3.16):
murres had lower post-foraging bCORT levels (lower energetic demand, higher foraging
success) when they made more distant foraging trips (fRC1) and fewer dive bouts per day.
There was no relationship between ePC1 and post-foraging bCORT levels (Table 3.16),
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after removing nonsignificant interactions between ePC1 and fRC1 (F = 0.0001, p =
0.99), ePC1 and fRC2 (F = 0.16, p = 0.69), ePC1 and dRC1 (F = 0.21, p = 0.65), and
ePC1 and dRC2 (F =1.41, p = 0.24). Similar to post-foraging bCORT levels we found no
effect of sea ice regime or ePC1 on CORT ratio (Table 3.17), after removing
nonsignificant interactions between sea ice regime and fRC1 (F = 2.10, p = 0.79) and sea
ice and dRC2 (F = 0.07, p = 0.79) from the sea ice regime model and nonsignificant
interactions between ePC1 and fRC1 (F = 0.39, p = 0.54), ePC1 and fRC2 (F = 0.14, p =
0.71), ePC1 and dRC1 (F = 0.03, p = 0.87), and ePC1 and dRC2 (F = 0.03, p = 0.85)
from the environmental conditions model. However, we did find a negative correlation
between fRC1 and log CORT ratio (Table 3.17): murres had lower CORT ratio values
(lower energetic demand, higher foraging success) when they made more distant foraging
trips.
Beta-hydroxybutyrate (B-OH)
We found no effect of sea ice regime on post-foraging B-OH levels (Table 3.18) after
removing nonsignificant interactions between sea ice regime and fRC1 (LRT: χ2 = 0.26,
p = 0.61) and sea ice regime and dRC2 (LRT: χ2 = 0.07, p = 0.80). Only fRC2 was
correlated (negatively) with post-foraging B-OH levels (Table 3.18), where murres had
lower post-foraging B-OH levels (lower energetic demand, higher foraging success)
when they made fewer foraging trips. We also found an interactive effect of ePC1 and
fRC2 on post-foraging B-OH levels (Table 3.18), after removing nonsignificant
interactions between ePC1and fRC1 (LRT: χ2 = 0.14, p = 0.71), and ePC1 and dRC1
(LRT: χ2 = 0.03, p = 0.87) from the environmental conditions model. At low ePC1 scores
(high sea ice extent, low sea surface temperature) there was a positive relationship
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between fRC2 and post-foraging B-OH levels, murres had lower post-foraging B-OH
levels (lower energetic demand, higher foraging success) when they made more trips. The
opposite was observed at high ePC1 scores: murres had lower post-foraging B-OH levels
(lower energetic demand, higher foraging success) when making fewer trips. In contrast
to post-foraging B-OH levels, we found an effect of sea ice regime on B-OH ratio (Table
3.19), after removing nonsignificant interactions between sea ice regime and fRC1 (LRT:
χ2 = 2.22, p = 0.14) and sea ice regime and dRC2 (LRT: χ2 = 3.05, p = 0.08). Murres had
lower BOH ratio values (lower energetic demand, higher foraging success) in a high ice
regime. However, we found no effect of foraging behaviour (fRC1 and fRC2) or diving
behaviour (dRC1, dRC2, and number of dive bouts per day) on BOH ratio (Table 3.19).
We also found no effect of ePC1 on BOH ratio (Table 3.19), after removing
nonsignificant interactions between ePC1 and fRC1 (LRT: χ2 = 3.04, p = 0.08), ePC1
and fRC2 (LRT: χ2 = 3.22, p = 0.), ePC1 and dRC1 (LRT: χ2 = 0.24, p = 0.63), and ePC1
and dRC2 (LRT: χ2 = 3.42, p = 0.06) from the environmental conditions model.
Non-esterified fatty acids (NEFA)
We found no relationship between fine-scale environmental conditions (ePC1), foraging
behaviour (fRC1 and fRC2), or diving behaviour (dRC1, dRC2, and number of dive
bouts per day) and post-foraging NEFA levels (Table 3.20), after removing
nonsignificant interactions between ePC1 and fRC1 (F = 2.01, p = 0.16), ePC1 and fRC2
(F = 0.72, p = 0.40), ePC1 and dRC1 (F = 0.08, p = 0.77), and ePC1 and dRC2 (F = 0.03,
p = 0.86) from the model. Similarly, we found no relationship between fine-scale
environmental conditions (ePC1) and NEFA ratio or foraging behaviour (fRC1 and
fRC2) and NEFA ratio (Table 3.20), after removing nonsignificant interactions between
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ePC1 and fRC1 (F = 0.29, p = 0.59), ePC1 and fRC2 (F = 0.29, p = 0.59), ePC1 and
dRC1 (F = 1.31, p = 0.26), and ePC1 and dRC2 (F = 0.03, p = 0.86) from the model. We
did however find a negative correlation between dRC2 and NEFA ratio and a positive
correlation between number of dive bouts per day and NEFA ratio: murres with lower
NEFA ratios (lower energetic demand, higher foraging success) made more dives (dRC2)
but fewer dive bouts per day.
Chick-rearing
Plasma triglycerides (TRIG)
We found an interactive effect of ePC1 and fRC2 on post-foraging TRIG levels (Table
3.21), after removing nonsignificant interactions between dRC1 and chick age (F = 0.02,
p = 0.89). At lower ePC1 scores (lower sea surface temperature) there was a positive
relationship between fRC2 and post-foraging TRIG levels: murres had higher postforaging TRIG levels (higher foraging success) when they made longer trips, whereas, at
higher ePC1 scores (higher sea surface temperature) murres had higher post-foraging
TRIG levels (higher foraging success) when making shorter trips. Furthermore, we found
an interactive effect of fRC2 and chick age (Table 3.21): when feeding recently-hatched
chicks post-foraging TRIG levels were highest (higher foraging success) when murres
made short trips; however, as chick age increased, post-foraging TRIG levels increased
(foraging success increased) with increasing foraging distance. We also found an
interactive effect of number of dive bouts per day and chick age (Table 3.21): when
chicks were recently hatched post-foraging TRIG levels (foraging success) was highest
when murres made more dive bouts per day; however, as chick age increased, postforaging TRIG levels (foraging success) were highest when murres made fewer dive
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bouts per day. Lastly, females had higher post-foraging TRIG levels (higher foraging
success; Table 3.21). In contrast to post-foraging TRIG levels, we found no interactions
between fRC2 and ePC1 (F = 4.46, p = 0.50), fRC2 and chick age (F = 3.09, p = 0.09),
dRC1 and chick age (F = 0.004, p = 0.95), and number of dive bouts per day and chick
age (F = 0.45, p = 0.50), therefore the interactions were removed from the model. We did
find an effect of ePC1 on TRIG ratio (Table 3.21), where TRIG ratio (foraging success)
declined with increasing ePC1 scores (increasing sea surface temperature). We also found
a relationship between fRC2 and TRIG ratio and dRC2 and TRIG ratio (Table 3.21): as
foraging trip distance increased and murres made more dives, TRIG ratio (foraging
success) increased.
Baseline corticosterone (bCORT)
We found a negative correlation between foraging behaviour (fRC2) and post-foraging
bCORT levels (Table 3.22), after removing nonsignificant interactions between fRC2 and
ePC1 (F = 0.98, p = 0.33), fRC2 and chick age (F = 2.21, p = 0.14), chick age and dRC1
(F = 1.04, p = 0.31), and chick age and number of dive bouts per day (F = 0.40, p = 0.53).
Post-foraging bCORT declines as murres make longer foraging trips (increasing fRC2
scores). However, we found no relationship between fine-scale environmental conditions
(ePC1), foraging behaviour (fRC1), diving behaviour (dRC1, dRC2, and number of dive
bouts per day), sex, or chick age on post-foraging bCORT levels (Table 3.22). Similar to
post-foraging bCORT levels, we also found no effect of fine-scale environmental
conditions (ePC1), foraging behaviour (fRC1 and fRC2), diving behaviour (dRC1, dRC2,
and number of dive bouts per day), sex, or chick age on bCORT ratio (Table 3.22), after
removing nonsignificant interactions between fRC2 and ePC1 (F = 0.03, p = 0.85), fRC2
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and chick age (F = 0.22, p = 0.64), chick age and dRC1 (F = 0.12, p = 0.74), and chick
age and number of dive bouts per day (F = 0.74, p =0.39).
Beta-hydroxybutyrate (B-OH)
We did find an effect of fine-scale environmental conditions (ePC1) on post-foraging BOH levels (Table 3.23), after removing nonsignificant interactions between fRC2 and
ePC1 (F = 1.86, p = 0.18), fRC2 and chick age (F = 0.23, p = 0.63), chick age and dRC1
(F = 0.59, p = 0.45), chick age and number of dive bouts per day (F = 0.30, p = 0.58).
Post-foraging B-OH levels increased (i.e., energetic demand increased, foraging success
decreased) as ePC1 increased (sea surface temperature increases). However, we found no
effect of fine-scale environmental conditions (ePC1), foraging behaviour (fRC1 and
fRC2), diving behaviour (dRC1, dRC2, and number of dive bouts per day), sex, or chick
age on post-foraging B-OH values (Table 3.23). Similar to post-foraging B-OH levels,
we found no effect of environmental conditions (ePC1), foraging behaviour (fRC1 and
fRC2), diving behaviour (dRC1, dRC2, and number of dive bouts per day), sex, or chick
age on BOH ratio values (Table 3.23), after removing nonsignificant interactions between
fRC2 and ePC1 (F = 0.48, p = 0.49), fRC2 and chick age (F = 0.30, p = 0.59), chick age
and dRC1 (F = 3.27, p = 0 .08), and chick age and number of dive bouts per day (F =
0.08, p = 0.78).
Non-esterified fatty acids (NEFA)
We found a negative correlation between foraging behaviour (fRC1) and post-foraging
NEFA levels (Table 3.24), after removing nonsignificant interactions between fRC2 and
ePC1 (F = 1.50, p = 0.23), fRC2 and ePC1 (F = 1.50, p = 0.23), fRC2 and chick age (F =
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1.68, p = 0.20), dRC1 and chick age (F = 2.49, p = 0.12), and number of dive bouts per
day and chick age (F = 3.75, p = 0.06). As fRC1 scores increased (decrease in number of
foraging trips) post-foraging NEFA levels decreased (lower energetic demand, higher
foraging success). We also found an effect of sex (Table 3.24), where females had higher
post-foraging NEFA levels (higher energetic demand, lower foraging success). However,
we found no effect of foraging behaviour (fRC2), diving behaviour (dRC1, dRC2, and
number of dive bouts per day), chick age, or environmental conditions (ePC1) on postforaging NEFA levels (Table 3.24). Similar to post-foraging NEFA levels, we found no
effect of environmental conditions (ePC1), foraging behaviour (fRC1 and fRC2), diving
behaviour (dRC1, dRC2, and number of dive bouts per day), sex, or chick age on NEFA
ratio (Table 3.24), after removing nonsignificant interactions between fRC2 and ePC1 (F
= 2.54, p = 0.12), fRC2 and chick age (F = 3.06, p = 0.09), chick age and dRC1 (F =
3.19, p = 0.08), and number of dive bouts per day and chick age (F = 1.58, p = 0.22).

DISCUSSION
The goal of our study was to examine the impacts of extrinsic factors (environmental
variation and chick demand) and intrinsic factors (sex) on the foraging flexibility and
success of an Arctic seabird, the thick-billed murre within the framework of climate
change. We hypothesized that environmental conditions at broad- and fine-scales would
influence foraging and diving behaviour and foraging success, with increased search time
when prey availability was lower, i.e., in low ice regimes and during warmer, less icy
conditions, leading to lower foraging success. Indeed, we found that both broad-scale and
fine-scale environmental conditions impacted foraging and diving behaviour and
subsequent foraging success during both the incubation and chick-rearing periods.
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However, foraging success was higher under low ice regimes and warmer, less icy
conditions, suggesting prey availability may have been higher in those years.
Additionally, we predicted that chick age (i.e., chick demand) and environmental
conditions would influence adult foraging behaviour and foraging success. Indeed, adults
had higher foraging success when foraging at closer distances when chicks were recently
hatched, suggesting adults were still able to locate adequate prey sources while
maximizing chick-provisioning by foraging at closer distances. Here we discuss our
findings in further detail and discuss the possible long-term implications for an Arctic
breeding seabird facing heightened rates of climate change.

Foraging Behaviour, Energy Expenditure and Foraging Success During Incubation
Broad-scale environmental conditions (i.e., sea ice regime) impacted foraging and diving
behaviour with murres making longer trips and more dives in a high ice regime, but
shorter trips and fewer dives in a low ice regime murres. Additionally, the majority of our
foraging and diving metrics (excluding number of dive bouts per day) responded to finescale environmental conditions with murres making longer and fewer trips, as well as
more and deeper dives during cooler, icier conditions. At warmer conditions, with less
sea ice murres instead made shorter and more trips, as well as fewer and shallower dives.
The interesting discrepancies between broad-scale and fine-scale impacts of
environmental conditions on foraging and diving behaviour, where more of the foraging
and diving metrics responded to fine-scale environmental conditions, highlights the
importance of investigating behavioural responses to environmental conditions at finerscales than simple inter-annual differences since it allows researchers to identify
important within year flexible responses to changing conditions as well as compare
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behavioural responses across an environmental gradient (i.e., measure behavioural
plasticity; Hertel et al. 2020). Irrespective of broad-scale or fine-scale environmental
change we saw that females made fewer trips, as well as more and deeper dives compared
to males. This supports previous work at Coats Island which found that females targeted
more pelagic prey sources (Woo et al. 2008; Elliott et al. 2010), this is thought to be a
result of risk-partitioning between mates, where females feed on more risk-prone prey
(pelagic species) and males feed more risk-averse prey (invertebrates and benthic species;
Elliott et al. 2010). Since we saw that average daily energetic expenditure during
incubation was positively correlated with longer but fewer trips, reflecting the high flight
costs associated with increased travel times owing to murres high wing size to body size
ratio (Elliott et al. 2013), it is perhaps no surprise that we then saw higher average daily
energetic expenditure during a high ice regime, when murres were making more distant
trips. We also found higher average daily energetic expenditures were linked to a higher
number of dive bouts per day, it is no surprise then that murres had increased energetic
demand (higher baseline corticosterone) when making more dive bouts per day. Murres
making longer trips within a high ice regime, as well as both longer and fewer trips
during cooler, icier conditions suggests that birds were more energetically taxed during
these periods. There are two possible explanations for this driven by differing
environmental conditions. Under high ice regimes and during cooler, icier conditions
murres could be travelling to distant profitable ephemeral prey patches of schooling fish
(e.g., Arctic cod, capelin, or sandlance). This idea is supported by birds also having
deeper dives during more distant foraging bouts, where the acquisition of more profitable
prey could potentially outweigh the costs of increased flights. Alternatively, under low
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ice regimes and warmer, less icy conditions, if prey availability of ephemeral schooling
fish was low, adults may have expanded their diet to include more benthic species, which
are more easily located at short distances to the colony (i.e., why we observed shallower
dives and shorter flights under these conditions; Elliott et al. 2009b). This idea is further
supported knowing that capelin and sandlance have been positively responding to
warmer, less icy waters in locations such as Svalbard (Vihtakari et al. 2018), where in our
case these species could have been more abundant and closer to the colony. Further work
combining foraging behaviour, isotopes, fish surveys and foraging success (physiology)
would greatly help to tease apart these likely non-mutually exclusive hypotheses.
We found lower foraging success (lower triglycerides and elevated betahydroxybutyrate) under a high ice regime suggesting that either distant prey patches were
too far to offset the costs of increased flight distances, or that prey availability was
actually better in the low ice regime, where increased flight distance was a result of
increased search effort. Foraging success was impacted by interactions between foraging
strategy and environmental conditions, where in cooler, icier conditions murres had
higher foraging success (elevated triglycerides and lower beta-hydroxybutyrate) when
making more trips, whereas in warmer, less icy conditions higher foraging success was
related to fewer trips, again suggesting lower prey availability in cooler, icier conditions
resulting in murres making more trips to locate prey and increase foraging success. We
also found that murres had higher foraging success (elevated triglycerides and lower nonesterified fatty acids) when making more dives suggesting murres were taking advantage
of profitable prey patches, by increasing diving (i.e., catching more prey). Regardless of
environmental conditions, longer trips generated higher foraging success (lower
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corticosterone) as predicted by central place foraging theory where individuals should
select larger prey at further distances from the colony (Elliott et al. 2009b).
Previous stable isotope, diving and feeding watch analyses from Coats Island
indicates that the colony is a generalist population made up of both specialist and
generalist individuals (Woo et al. 2008; Elliott et al. 2009a, 2010; Provencher et al.
2013). Combining this information with our results revealed here suggests that interannual variation in foraging success likely reflects success outcomes of different
strategies, where in one year one strategy (e.g., pelagic foraging) is more successful than
another strategy dependent on environmental conditions. This degree of foraging
variability would mean that different individuals are using differing strategies within
similar conditions ultimately meaning the overall population would be able to buffer the
effects of a changing climate (Elliott et al. 2010). Two possible ways to further
investigate this idea would be to either examine how environmental conditions may be
affecting prey communities, by pairing acoustic or trawling surveys, with environmental
indices such as sea ice concentration, sea surface temperature and chlorophyll-a, or pair
stable isotope data from blood samples with physiological indicators of foraging success.

Foraging Behaviour, Energy Expenditure and Foraging Success During Chickrearing
During the chick-rearing period we saw that broad-scale environmental conditions
interacted with chick age to influence adult foraging behaviour, where murres in a high
ice regime increased number of dive bouts per day as chick age increased, whereas in low
ice regime years chick age appeared to have no effect on the number of dive bouts per
day. Average daily energetic expenditure during chick-rearing period was highest when
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murres were making fewer trips and longer trips, shallower but more dives, and more
dive bouts per day. Within this perspective, an increase in number of dive bouts per day
in response to chick age in the high ice regime, and a lack thereof under the low ice
regime, suggests that prey availability was possibly higher under the low ice regime since
murres did not have to increase the number of energetically expensive dive bouts per day.
We also observed that fine-scale environmental conditions interacted with chick age and
adult sex to influence diving behaviour, where under cooler, icier conditions females
made more dive bouts per day as chick age increased. Additionally, we observed that
females made deeper dives than males, again likely reflecting greater reliance on pelagic
prey (as previously noted by Woo et al. 2008; Elliott et al. 2010). Taken together these
results collectively indicate that in cooler, icier conditions females had a harder time
locating pelagic prey (possibly because prey availability was lower; Woo et al. 2008;
Elliott et al. 2010), the result being an increase in the number of dive bouts per day. In
further support of this idea of females specializing on pelagic prey and these prey being
more available in warmer conditions, under a low ice regime females made fewer dives
overall presumably because pelagic resources were easier to locate. Indeed, BrissonCuradeau and Elliott (2019) using a combination of feeding watch data paired with GPStracking and camera loggers observed that capelin were caught in close proximity to the
Coats Island colony in 2017 (low ice regime) during the chick-rearing period.
Furthermore, when conditions were cooler, we observed that males fed closer to the
colony as chick age increased, and females fed further from the colony as chick age
increased, this is likely reflecting sex-specific differentiation of parental investment since
males are known to increase provisioning towards the end of the breeding season,

143

whereas, females decrease provisioning, since chicks fledge with males which continue
to feed them post-fledging (Elliott et al. 2010). Moreover, during this time period both
diet (stable isotopes and feeding watches) and diving data has shown that males typically
feed on shallow water benthic species and amphipods in close proximity to the colony
(Woo et al. 2008; Elliott et al. 2010; Elliott and Gaston 2015; Brisson-Curadeau and
Elliott 2019).
Despite having only one year of data measuring foraging success during the
chick-rearing period, we nonetheless observed that fine-scale environmental conditions
influenced foraging success. At the beginning of chick-rearing when sea surface
temperatures were lower but sea ice was negligible murres had higher foraging success
(elevated triglycerides) when making longer trips. However, as the chick-rearing period
progressed and sea surface temperatures increased murres made shorter foraging trips
leading to higher foraging success. As predicted by central place foraging theory where
larger prey items are found more distant from the colony (Elliott et al. 2009b), our results
suggests that targeting more distant prey at the beginning of the chick-rearing results in
higher foraging success even though birds fly to greater distances. However, as the
season progresses, and sea surface temperature increases, birds switch to foraging at
closer distances leading to higher foraging success possibly as a result of a greater
reliance on amphipods or shallow water benthic species later in the season typically
caught closer to the colony (Woo et al. 2008; Elliott et al. 2010; Elliott and Gaston 2015;
Brisson-curadeau and Elliott 2019). Overall, the observed increase in betahydroxybutyrate (increased energetic demand from a decrease in foraging success) with
sea surface temperature across the chick-rearing period likely reflects constraints of self144

provisioning and chick-provisioning across the season. More specifically, this increase in
energetic demand could reflect either an increase in parental investment via parents
working hard to maintain chick-provisioning across the season, or difficulties in parents
locating prey as the season progresses due to declines in prey availability. That increasing
chick age influenced the foraging behaviour-foraging success relationship differently,
where parents feeding recently-hatched chicks had higher foraging success when making
shorter trips, whereas parents feeding increasingly older chicks had higher foraging
success when making longer trips, likely reflects the result of the trade-off between selfprovisioning and chick-provisioning. When chicks are younger, murre parents may opt to
increase chick-provisioning by foraging at closer distances, where high foraging success
indicates that adults can still be successful in obtaining prey for themselves. But as chick
age increases murres may need to increase trip length to maintain a high enough foraging
success that allows for sufficient self-maintenance but at a detriment to feeding their
chick. Overall, we saw higher foraging success (lower baseline corticosterone) with more
distant trips, again supporting central place foraging theory, predicting that higher quality
prey will be located more distant from the central breeding location (Elliott et al. 2009b).
We also observed higher foraging success (lower non-esterified fatty acids) when murres
made fewer trips, where an increase in trips would indicate their inability to locate
adequate food supply, therefore increasing search effort by making more trips.
Alternatively, this could also represent parental investment in their chicks where murres
that make more trips for chick-provisioning do so at a cost to their own foraging success.
Lasty, we observed that females had higher foraging success (elevated triglycerides)
compared to males, again likely reflecting the combined effects of both sex-specific
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feeding preferences and parental investment, where females feed on more pelagic fish of
higher quality as well as decrease chick-provisioning (i.e., focus on self-provisioning)
towards the end of the chick-rearing period (Elliott et al. 2010; Elliott and Gaston 2015).
Due to lower current sample sizes for physiological data (foraging success) during the
chick-rearing period, we chose not to fit complex interactions and chose instead to test
the effects of environmental conditions and foraging behaviour, and foraging behaviour
and chick age separately on foraging success. However, since both broad-scale and finescale environmental variability interacted with chick age to effect foraging behaviour, it
is likely we will see these impacts on foraging success as we are able to include more
data in our analyses.
Bringing all of these results together, the observed interactive effects of
environmental variability and chick-demand on foraging behaviour, as well as the
interactions between environmental conditions and foraging behaviour, and chick age and
foraging behaviour on adult foraging success come together to highlight that the tradeoffs between adult and chick demand can be influenced significantly by variation in
environmental conditions. Although our data suggests prey availability may have been
higher in warmer, less icy years (and in contrast to our predictions) our study still
highlights the effects that assumed changes in prey availability can have on adult
foraging behaviour and success. Future work should ideally pair metrics of foraging
success (i.e., energetic metabolites and hormones) with measurements of adult diet
(measured via plasma stable isotopes), chick-provisioning rates, and chick diet (measured
via feeding watches) to more completely understand how environmental variation
ultimately affects the links between chick demand and adult foraging success. Identifying
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these impacts and linkages are important since they will ultimately come together to
impact breeding success. The expectation is that individuals in a long-lived species with
low reproductive output will prioritize self-maintenance over chick provisioning in years
of low food availability, to protect future reproductive investments at the cost of current
chick investment (Ricklefs and Wikelski 2002).

Conclusions and Future Directions
Previous work from Coats Island has shown that individuals maintain feeding
specializations over time (i.e., multiple years; Woo et al. 2008; Elliott et al. 2009a) and
that murres at this colony exhibit sex-stereotyped foraging behaviour, with males and
females exhibiting different foraging strategies (Elliott et al. 2010). It has been suggested
that this behaviour is context dependent and driven by risk-partitioning, where females
feed on risk-prone prey (e.g., pelagic fish) whereas males prey on risk-averse prey (e.g.,
amphipods and shallow water benthic fish) ultimately resulting in the population better
buffering the overall impacts of environmental variability (Elliott et al. 2010). Our
observations of murres adjusting foraging behaviour in response to broad- and fine-scale
environmental change initially suggests that birds have an ability to cope with
environmental change using foraging flexibility. However, by combining further
information from physiological data on adult foraging success with foraging and diving
behaviour across years of contrasting environmental conditions we found that murres
may still be detrimentally influenced by environmentally-induced changes in prey
availability. These results support the idea that as a reflection of risk-partitioning some
foraging strategies or tactics may do better in some years compared to others, overall
helping to buffer colony-level costs of environmental variability (Elliott et al. 2010).
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Continued work on this species should prioritize quantifying prey availability in the
region to further understand how climate change is influencing prey abundance within
this overall paradigm. Furthermore, future work should pair adult diet (measured via
isotopes), prey capture events (measured via accelerometer data, e.g., wing-beat
frequency), chick diet (measured via feeding watches) with chick-provisioning rates and
adult foraging success (measured via metabolites and hormones) to gain further insight
into the trade-offs between self-provisioning and chick-provisioning in the face of
climate change.
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TABLES AND FIGURES
Table 3.1. Factor loadings from principal components analysis on environmental
condition metrics (sea ice extent and sea surface temperature) measured within the
maximum foraging range of thick-billed murres at Coats Island, Nunavut (maximum
foraging range = 130 km) during the breeding period (15 June – 15 August). Significant
factor loadings are bolded.

Variable
Sea surface temperature
Sea ice extent
Eigenvalue
Cumulative variance explained
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fPC1
0.954
-0.954
1.82
91.0

Table 3.2. Factor loadings from PCA on foraging metrics (maximum distance, average
daily distance, mean trip distance, mean trip duration, and number of trips per day) from
GPS deployments on thick-billed murres during the incubation period at Coats Island,
Nunavut. Significant factor loadings are bolded.

fRC1
Maximum distance
0.93
Average daily distance
0.96
Mean trip distance
0.81
Mean trip duration
0.18
Number of trips per day
-0.06
Eigenvalue
3.06
Cumulative variance explained 61.3
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fRC2
0.13
0.04
0.56
0.87
-0.91
1.33
26.6

Table 3.3. Factor loadings from PCA on diving metrics (maximum dive depth, maximum
dive duration, mean dive depth, mean dive duration, mean dives per bout, number of
dives per day, and time diving per day) from GPS deployments on thick-billed murres
during the incubation period at Coats Island, Nunavut. Significant factor loadings are
bolded.

dRC1 dRC2
Maximum dive depth
-0.80 -0.25
Maximum dive duration
0.84
0.08
Mean dive depth
-0.84 0.26
Mean dive duration
0.83 -0.28
Mean dives per dive bout
0.16
0.79
Number of dives per day
0.14
0.94
Time diving per day
-0.38 0.84
Eigenvalue
2.53
2.39
Cumulative variance explained 36.2
34.1
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Table 3.4. Factor loadings from PCA on foraging metrics (maximum distance, average
daily distance, mean trip distance, mean trip duration, and number of trips per day) from
GPS deployments on thick-billed murres during the chick-rearing period at Coats Island,
Nunavut. Significant factor loadings are bolded.

Maximum distance
Average Daily Distance
Mean trip distance
Mean trip duration
Number of trips per day
Eigenvalue
Cumulative variance explained
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fRC1
0.35
-0.21
0.64
0.94
-0.92
2.86
57.3

fRC2
0.79
0.92
0.72
0.02
-0.14
1.45
28.9

Table 3.5. Factor loadings from PCA on diving metrics (maximum dive depth, maximum
dive duration, mean dive depth, mean dive duration, mean dives per bout, number of
dives per day, and time diving per day) from GPS deployments on thick-billed murres
during the chick-rearing period at Coats Island, Nunavut. Significant factor loadings are
bolded.

dRC1 dRC2
Maximum dive depth
0.86
0.07
Maximum dive duration
-0.84 -0.04
Mean dive depth
0.90
0.22
Mean dive duration
-0.90 -0.15
Mean dives per dive bout
0.38
0.76
Number of diver per day
0.31
0.90
Time diving per day
-0.24 0.90
Eigenvalue
3.75
1.87
Cumulative variance explained 53.5
26.6
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Table 3.6. Summary of variation in thick-billed murre foraging behaviour (fRC1 –
maximum distance travelled, average daily distance travelled, and mean trip distance &
fRC2 – mean trip duration and number of trips per day) and diving behaviour (dRC1 –
maximum depth, maximum dive duration, mean depth, and mean dive duration) from
broad-scale environmental conditions (sea ice regime) linear mixed models during the
incubation period at Coats Island, Nunavut.

Model
Fixed Effects Estimate ± SE
df
fRC1 ~ SeaIce + Sex + year + 1|Band
Intercept
0.22 ± 0.16 153.14
SeaIce - Low -0.93 ± 0.25 61.48
Sex - M
-0.03 ± 0.16 146.98
Year - 2019
0.64 ± 0.26
84.23
fRC2 ~ SeaIce + Sex + Year + 1|Band + 1|StartDate
Intercept
0.52 ± 0.23
41.91
SeaIce - Low 0.25 ± 0.31 128.17
Sex - M
-0.18 ± 0.18 148.28
Year - 2019 -0.98 ± 0.33 82.48
dRC1 ~ SeaIce + Sex + Year + 1|Band
Intercept
0.85 ± 0.21
40.90
SeaIce - Low -0.49 ± 0.29 139.14
Sex - M
-0.67 ± 0.17 145.79
Year - 2019 -0.12 ± 0.31 91.01

t

p

2

2

rm
rc
0.07 0.81

1.43
0.16
-3.69 < 0.0001
-0.20 0.85
2.49
0.02
2.25
0.81
-1.02
-2.90

0.03
0.42
0.31
0.005

0.13 0.82

0.18 0.48
4.15 < 0.0001
-1.72 0.09
-4.02 < 0.0001
-0.38 0.71

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of
freedom (df), t-statistics (t), p-values (p), marginal R 2 (rm 2; the proportion of variance in the
model explained by the fixed effects) and conditional R 2 (rc2; the proportion of variance in the
model explained by both fixed and random effects). Significant p-values in bold. See methods for
full descriptions of models.
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Table 3.7. Summary of variation in thick-billed murre diving behaviour (dRC2 – number
of dives per day and time diving per day & number of dive bouts per day) from broadscale environmental conditions (sea ice regime) and fine-scale environmental conditions
(ePC1 – sea ice extent and sea surface temperature) generalized linear mixed models
during the incubation period at Coats Island, Nunavut.

Model
Fixed Effects Estimate ± SE
t
p
Broad-scale Environmental Conditions:
dRC2 ~ SeaIce + Sex + Year + 1|Band + 1|StartDate
Intercept
0.94 ± 0.11
8.33 < 0.0001
SeaIce - Low -0.26 ± 0.11 -2.26
0.02
Sex - M
0.15 ± 0.09
1.68
0.09
Year - 2019
0.17 ± 0.14
1.21
0.23
numDiveBouts_day ~ SeaIce + Sex + Year + 1|Band 1|StartDate
Intercept
2.35 ± 0.07 34.25 < 0.0001
SeaIce - Low -0.03 ± 0.05 -0.65
0.51
Sex - M
0.07 ± 0.07
0.98
0.33
Year - 2019
0.07 ± 0.06
1.25
0.22
Fine-scale Environmental Conditions:
dRC2 ~ ePC1 + Sex + Year + 1|Band
Intercept
0.95 ± 0.12
7.73 < 0.0001
ePC1
-0.53 ± 0.13 -4.17 < 0.0001
Sex - M
0.18 ± 0.08
2.13
0.03
Year - 2018
0.13 ± 0.08
1.57
0.12
Year - 2019
0.28 ± 0.07
3.83 0.0001

rm 2

rc 2

0.07 0.86

0.02 0.93

0.16 0.87

Generalized linear mixed model output includes estimates of fixed effects, standard error
(SE), degrees of freedom (df), t-statistics (t), p-values (p), marginal R 2 (rm 2; the proportion of
variance in the model explained by the fixed effects) and conditional R 2 (rc2 ; the proportion of
variance in the model explained by both fixed and random effects). Significant p-values in
bold. See methods for full descriptions of models.
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Table 3.8. Summary of variation in thick-billed murre foraging behaviour (fRC1 –
maximum distance travelled, average daily distance travelled, and mean trip distance &
fRC2 – mean trip duration and number of trips per day) and diving behaviour (dRC1 –
maximum depth, maximum dive duration, mean depth, and mean dive duration &
number of dive bouts per day) from fine-scale environmental conditions (ePC1 – sea ice
extent and sea surface temperature) linear mixed models during the incubation period at
Coats Island, Nunavut.

Model Fixed Effects Estimate ± SE
df
fRC1 ~ ePC1 + Sex + Year + 1|Band
Intercept
0.14 ± 0.35
84.31
ePC1
-1.37 ± 0.38 84.88
Sex - M
-0.08 ± 0.16 146.62
Year - 2018
0.41 ± 0.28
54.55
Year - 2019
0.64 ± 0.24
67.66
fRC2 ~ ePC1 + Sex + Year + 1|Band
Intercept
1.98 ± 0.40 143.87
ePC1
-1.84 ± 0.42 149.54
Sex - M
-0.36 ± 0.17 145.61
Year - 2018 -1.19 ± 0.32 120.75
Year - 2019 -0.86 ± 0.28 135.72
dRC1 ~ ePC1 + Sex + Year + 1|Band
Intercept
1.22 ± 0.37 153.99
ePC1
-1.38 ± 0.38 150.99
Sex - M
-0.79 ± 0.15 144.03
Year - 2018 -0.14 ± 0.30 145.06
Year - 2019 -0.01 ± 0.26 152.54
numDiveBouts_day ~ ePC1 + Sex + Year + 1|Band
Intercept
10.95 ± 1.28 80.13
ePC1
0.10 ± 1.37
79.86
Sex - M
0.46 ± 0.57 146.69
Year - 2018
0.01 ± 1.00
51.19
Year - 2019
0.32 ± 0.88
63.52

t

p

0.39
-3.60
-0.48
1.49
2.64

0.70
0.001
0.63
0.14
0.01

rm 2 rc 2
0.14 0.85

0.17 0.62
4.96 < 0.0001
-4.33 < 0.0001
-2.19 0.03
-3.69 < 0.001
-3.11 0.002
0.23 0.39
3.32 0.001
-3.55 < 0.001
-5.26 < 0.0001
-0.45 0.65
-0.03 0.97
0.16 0.87
8.59 < 0.0001
0.07
0.94
0.81
0.42
0.01
0.99
0.36
0.72

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of
freedom (df), t-statistics (t), p-values (p), marginal R 2 (rm 2 ; the proportion of variance in the
model explained by the fixed effects) and conditional R 2 (rc2; the proportion of variance in the
model explained by both fixed and random effects). Significant p-values in bold. See methods
for full descriptions of models.
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Table 3.9. Summary of variation in thick-billed murre foraging behaviour (fRC1 – mean
trip distance, mean trip time, and number of trips per day & fRC2 – maximum distance,
average daily distance, and mean trip distance) and diving behaviour (dRC1 – maximum
dive depth, maximum dive duration, mean dive depth, and mean dive duration, dRC2 –
mean dives per dive bout, number of dives per day, and time diving per day & number of
dive bouts per day) from broad-scale environmental conditions (sea ice regime) linear
mixed models during the chick-rearing period at Coats Island, Nunavut.
Model
Fixed Effects
Estimate ± SE
df
t
p
fRC1 ~ SeaIce + ChickAge + Sex + Year + 1|Band
Intercept
-0.17 ± 0.19 149.98 -0.89
0.37
SeaIce - Low
-0.27 ± 0.18 94.80 -1.47
0.15
ChickAge
-0.004 ± 0.02 127.03 -0.21
0.83
Sex - M
0.19 ± 0.18 100.45 1.02
0.31
Year - 2019
0.60 ± 0.15
96.00 3.98 0.0001
fRC2 ~ SeaIce + ChickAge*Sex + Year + 1|Band
Intercept
-0.19 ± 0.22 144.47 -0.85
0.39
SeaIce - Low
0.36 ± 0.19 102.26 1.91
0.06
ChickAge
0.02 ± 0.02 120.38 0.85
0.40
Sex - M
0.10 ± 0.30 148.97 0.34
0.74
Year - 2019
-0.06 ± 0.16 103.59 -0.35
0.73
ChickAge*Sex - M
-0.07 ± 0.04 135.51 -2.00
0.05
dRC1 ~ SeaIce + ChickAge + Sex + Year + 1|Band
Intercept
0.01 ± 0.17 149.99 0.09
0.93
SeaIce - Low
-0.10 ± 0.16 82.34 -0.64
0.52
ChickAge
-0.03 ± 0.02 110.32 -1.73
0.09
Sex - M
0.51 ± 0.18 101.50 2.83
0.01
Year - 2019
0.07 ± 0.13
83.47 0.55
0.58
dRC2 ~ SeaIce*Sex + ChickAge + Year + 1|Band
Intercept
-0.39 ± 0.18 144.41 -2.17
0.03
SeaIce - Low
-0.47 ± 0.19 87.55 -2.50
0.01
Sex - M
0.43 ± 0.25 145.88 1.72
0.09
ChickAge
0.03 ± 0.02 122.56 1.95
0.05
Year - 2019
0.25 ± 0.13
92.49 1.90
0.06
SeaIce - Low*Sex - M
0.68 ± 0.25
90.22 2.74
0.01
numDiveBouts_day ~ SeaIce*ChickAge + ChickAge*Sex + Year + 1|Band
Intercept
12.90 ± 1.53 136.35 8.40 < 0.0001
SeaIce - Low
3.76 ± 1.46 113.47 2.57
0.01
ChickAge
0.85 ± 0.27 118.56 3.17 0.002
Sex - M
2.73 ± 1.35 146.84 2.03
0.04
Year - 2019
-3.95 ± 0.65 90.62 -6.10 < 0.0001
SeaIce - Low*ChickAge -0.70 ± 0.26 112.25 -2.71
0.01
ChickAge*Sex - M
-0.49 ± 0.15 120.95 -3.17 0.002

rm 2 rc 2
0.07 0.59

0.08 0.50

0.09 0.71

0.25 0.69

0.24 0.69

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), tstatistics (t), p-values (p), marginal R2 (rm 2 ; the proportion of variance in the model explained by the fixed
effects) and conditional R2 (rc2 ; the proportion of variance in the model explained by both fixed and random
effects). Significant p-values in bold. See methods for full descriptions of models.
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Table 3.10. Summary of variation in thick-billed murre diving behaviour (dRC1 –
maximum dive depth, maximum dive duration, mean dive depth, and mean dive duration,
dRC2 – mean dives per dive bout, number of dives per day, and time diving per day &
number of dive bouts per day) from fine-scale environmental conditions (ePC1 – sea ice
extent and sea surface temperature) linear mixed models during the chick-rearing period
at Coats Island, Nunavut.

Model
Fixed Effects
Estimate ± SE df
dRC1 ~ ePC1*ChickAge + Sex + Year + 1|Band
Intercept
1.43 ± 0.78 120.49
ePC1
-1.35 ± 0.93 114.22
ChickAge
0.32 ± 0.09 129.86
Sex - M
0.41 ± 0.18 103.52
Year - 2018
-0.05 ± 0.16
80.44
Year - 2019
-0.22 ± 0.19 87.78
ePC1*ChickAge
0.30 ± 0.10 125.92
dRC2 ~ ePC1 + ChickAge + Sex + Year + 1|band
Intercept
0.83 ± 0.44 133.72
ePC1
0.06 ± 0.63 133.85
ChickAge
0.04 ± 0.02 141.61
Sex - M
0.94 ± 0.17 101.73
Year - 2018
0.18 ± 0.17
96.38
Year - 2019
0.22 ± 0.20 103.02
numDiveBouts_day ~ ePC1*ChickAge*Sex + Year + 1|Band
Intercept
12.57 ± 4.80 123.72
ePC1
1.69 ± 5.81 123.29
ChickAge
1.67 ± 0.56 129.05
Sex - M
11.07 ± 6.87 142.08
Year - 2018
-0.22 ± 0.85 92.25
Year - 2019
-1.95 ± 1.01 98.18
ePC1*ChickAge
-1.47 ± 0.61
129.68
ePC1*Sex - M
-8.73 ± 8.13
139.38
ChickAge*Sex - M
-2.22 ± 0.85
140.83
ePC1*ChickAge*Sex - M 1.80 ± 0.92
138.26

t

p

rm 2 rc 2
0.15 0.75

1.83
0.07
-1.45 0.15
-3.54 < 0.0001
2.29
0.03
-0.29 0.77
-1.14 0.26
3.13 0.002
0.23 0.64
-1.88 0.06
0.09
0.93
1.78
0.08
5.67 < 0.0001
1.05
0.29
1.06
0.29
0.16 0.65
2.62
0.29
2.96
1.61
-0.27
-1.90
-2.41
-1.07
-2.60
1.95

0.01
0.77
0.004
0.11
0.79
0.06
0.02
0.28
0.01
0.05

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), tstatistics (t), p-values (p), marginal R2 (rm 2; the proportion of variance in the model explained by the fixed
effects) and conditional R2 (rc2 ; the proportion of variance in the model explained by both fixed and random
effects). Significant p-values in bold. See methods for full descriptions of models.
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Table 3.11. Summary of variation in thick-billed murre foraging behaviour (fRC1 –
mean trip distance, mean trip time, and number of trips per day & fRC2 – maximum
distance, average daily distance, and mean trip distance) from fine-scale environmental
conditions (ePC1 – sea ice extent and sea surface temperature) linear mixed models
during the chick-rearing period at Coats Island, Nunavut.

Model
Fixed Effects
Estimate ± SE
fRC1 ~ ePC1 + ChickAge + Sex + Year + 1|Band
Intercept
-0.19 ± 0.49
ePC1
-0.40 ± 0.70
ChickAge
0.002 ± 0.02
Sex - M
0.21 ± 0.19
Year - 2018
0.27 ± 0.18
Year - 2019
0.70 ± 0.23
fRC2 ~ ePC1*ChickAge*Sex + Year + 1|Band
Intercept
-2.53 ± 1.13
ePC1
3.32 ± 1.37
ChickAge
0.26 ± 0.12
Sex - M
4.08 ± 1.58
Year - 2018
-0.19 ± 0.21
Year - 2019
-0.14 ± 0.25
ePC1*ChickAge
-0.29 ± 0.14
ePC1*Sex - M
-4.99 ± 1.88
ChickAge*Sex - M
-0.44 ± 0.20
ePC1*ChickAge*Sex - M 0.45 ± 0.21

df

t

p

131.90
131.85
139.80
102.12
93.91
100.74

-0.39
-0.57
0.07
1.11
1.45
3.05

0.70
0.57
0.94
0.27
0.15
0.003

135.93
135.88
139.63
144.87
107.07
112.24
139.85
144.11
144.66
143.83

-2.24
2.43
1.95
2.59
-0.90
-0.55
-2.00
-2.66
-2.22
2.11

0.03
0.02
0.05
0.01
0.37
0.58
0.05
0.01
0.02
0.04

2

0.12 0.51

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), tstatistics (t), p-values (p), marginal R2 (rm 2; the proportion of variance in the model explained by the fixed
effects) and conditional R2 (rc2 ; the proportion of variance in the model explained by both fixed and random
effects). Significant p-values in bold. See methods for full descriptions of models.
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2

rm
rc
0.07 0.59

Table 3.12. Summary of variation in average daily energetic expenditure (DEE) of thickbilled murres from broad-scale environmental conditions (sea ice regime) and fine-scale
environmental conditions (ePC1 – sea ice extent and sea surface temperature) models
during the incubation period at Coats Island, Nunavut.

2

2

Model
Fixed Effects
Estimate ± SE
df
t
p
rm
rc
Broad-scale Environmental Conditions:
DEE ~ SeaIce*fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex + Year + 1|Band 0.74 0.85
Intercept
1622.65 ± 62.36 148.86 26.02 < 0.0001
SeaIce - Low
155.92 ± 57.86 137.41 2.70
0.01
fRC1
293.22 ± 21.21 148.00 13.83 < 0.0001
fRC2
83.64 ± 15.17
148.99 5.51 < 0.0001
dRC1
-30.54 ± 16.85 148.85 -1.81
0.07
dRC2
6.52 ± 15.26
148.25 0.43
0.66
numDiveBouts_day
33.17 ± 4.85
146.18 6.84 < 0.0001
Sex - M
-7.42 ± 34.27
142.73 -0.22
0.83
Year - 2018
-87.82 ± 56.98 147.52 -1.54
0.13
SeaIce - Low*fRC1 55.45 ± 30.43
113.46 -1.82
0.07
Fine-scale Environmental Conditions:
DEE ~ ePC1 + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex + Year + 1|Band 0.75 0.83
Intercept
1667.17 ± 100.34 148.05 16.61 < 0.0001
ePC1
215.88 ± 89.26 148.33 2.42
0.02
fRC1
280.85 ± 17.01 146.05 16.51 < 0.0001
fRC2
97.74 ± 15.64
148.91 6.25 < 0.0001
dRC1
-21.59 ± 16.98 148.87 -1.27
0.21
dRC2
8.91 ± 15.16
148.70 0.59
0.56
numDiveBouts_day
32.27 ± 4.82
145.22 6.70 < 0.0001
Sex - M
15.51 ± 34.37
143.75 0.45
0.65
Year - 2018
-97.66 ± 64.46 140.33 -1.52
0.13
Year - 2019
-101.75 ± 55.69 146.63 -1.83
0.07
Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), t-statistics (t), pvalues (p), marginal R2 (rm 2; the proportion of variance in the model explained by the fixed effects) and conditional R 2 (rc2;
the proportion of variance in the model explained by both fixed and random effects). Significant p-values in bold. See methods
for full descriptions of models.
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Table 3.13. Summary of variation in average daily energetic expenditure (DEE) of thickbilled murres from broad-scale environmental conditions (sea ice regime) and fine-scale
environmental conditions (ePC1 – sea ice extent and sea surface temperature) models
during the chick-rearing period at Coats Island, Nunavut.

2

2

Model
Fixed Effects
Estimate ± SE
df
t
p
rm
rc
Broad-scale Environmental Conditions:
DEE ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ChickAge + Sex + Year + 1|Band
0.83 0.89
Intercept
2012.30 ± 80.81 137.57 24.90 < 0.0001
SeaIce - Low
35.96 ± 39.17 109.77 0.92
0.36
fRC1
-81.22 ± 17.29 144.49 -4.70 < 0.0001
fRC2
354.98 ± 16.73 144.88 21.22 < 0.0001
dRC1
38.73 ± 17.65 133.83 2.19
0.03
dRC2
61.23 ± 18.13 141.62 3.38 < 0.001
numDiveBouts_day
20.75 ± 4.12
142.17 5.04 < 0.0001
ChickAge
6.22 ± 4.02
137.82 1.55
0.12
Sex - M
45.93 ± 39.18 109.89 1.17
0.24
Year - 2018
-17.81 ± 36.26 121.36 -0.49
0.62
Fine-scale Environmental Conditions:
DEE ~ ePC1 + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ChickAge + Sex + Year + 1|Band
0.84 0.90
Intercept
2007.64 ± 129.82 143.46 15.47 < 0.0001
ePC1
59.36 ± 141.74 139.68 0.42
0.68
fRC1
-80.48 ± 17.45 143.55 -4.61 < 0.0001
fRC2
353.88 ± 16.90 143.7 20.95 < 0.0001
dRC1
38.66 ± 17.73 133.03 2.18
0.03
dRC2
61.11 ± 18.20 140.98 3.36 0.001
numDiveBouts_day
21.00 ± 4.17
141.13 5.04 < 0.0001
ChickAge
5.42 ± 4.46
143.25 1.22
0.23
Sex - M
42.86 ± 40.01 109.73 1.07
0.29
Year - 2018
-35.99 ± 39.20 108.24 -0.92
0.36
Year - 2019
-32.45 ± 50.21 118.15 -0.65
0.52
Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), t-statistics (t), p-values (p), marginal R 2
(rm 2; the proportion of variance in the model explained by the fixed effects) and conditional R 2 (rc2; the proportion of variance in the model
explained by both fixed and random effects). Significant p-values in bold. See methods for full descriptions of models.
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Table 3.14. Summary of variation in thick-billed murre post-foraging plasma triglyceride
(TRIG) levels (log-scaled) as a measure of foraging success from broad-scale
environmental conditions (sea ice regime) and fine-scale environmental conditions (ePC1
– sea ice extent and sea surface temperature) linear mixed models during the incubation
period at Coats Island, Nunavut.

2
2
Fixed Effects
Model
Estimate ± SE df
t
p
rm
rc
Broad-scale Environmental Conditions:
logpostTRIG ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex + 1|Band
0.24 0.67
Intercept
-0.36 ± 0.18 89.17 -2.05 0.04
SeaIce - Low
0.18 ± 0.08 71.67 2.18 0.03
fRC1
-0.05 ± 0.05 90.90 -1.08 0.28
fRC2
-0.05 ± 0.05 85.39 -1.07 0.28
dRC1
0.06 ± 0.05 89.36 1.22 0.22
dRC2
0.18 ± 0.05 82.35 3.83 < 0.001
numDiveBouts_day 0.01 ± 0.01 90.51 0.42 0.67
Sex - M
-0.20 ± 0.09 87.86 -2.24 0.03
Fine-scale Environmental Conditions:
logpostTRIG ~ fRC1*ePC1 + fRC2*ePC1 + dRC1 + dRC2 + numDiveBouts_day + Sex + Year + 1|Band
0.29 0.66
Intercept
-0.45 ± 0.19 86.42 -2.41 0.02
fRC1
0.07 ± 0.09 73.88 0.89 0.38
ePC1
0.02 ± 0.26 82.05 0.09 0.93
fRC2
-0.21 ± 0.09 83.13 -2.45 0.02
dRC1
0.06 ± 0.05 87.99 1.35 0.18
dRC2
0.16 ± 0.05 80.28 3.48 < 0.001
numDiveBouts_day 0.01 ± 0.01 87.32 0.95 0.35
Sex - M
-0.20 ± 0.09 86.29 -2.17 0.03
Year - 2019
0.18 ± 0.13 66.84 1.37 0.17
fRC1*ePC1
-0.34 ± 0.18 70.75 -1.94 0.06
ePC1*fRC2
0.33 ± 0.14 83.74 2.33 0.02

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), t-statistics (t), p-values (p), marginal
R2 (rm 2; the proportion of variance in the model explained by the fixed effects) and conditional R 2 (rc2; the proportion of variance in the model
explained by both fixed and random effects). Significant p-values in bold. See methods for full descriptions of models.
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Table 3.15. Summary of variation in thick-billed murre plasma triglyceride (TRIG) ratio
(post-foraging TRIG/pre-foraging TRIG) as a measure of foraging success from broadscale environmental conditions (sea ice regime) and fine-scale environmental conditions
(ePC1 – sea ice extent and sea surface temperature) linear models during the incubation
period at Coats Island, Nunavut.

2

Model
Fixed Effects
Estimate ± SE
t
p
R adj
Broad-scale Environmental Conditions:
TRIGratio ~ SeaIce*fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex
0.20
Intercept
0.95 ± 0.19
4.88 < 0.001
SeaIce
0.02 ± 0.09
0.18
0.85
fRC1
0.13 ± 0.09
1.48
0.14
fRC2
-0.11 ± 0.05
-2.37
0.02
dRC1
0.01 ± 0.05
0.29
0.77
dRC2
0.18 ± 0.05
3.87 < 0.001
numDiveBouts_day -0.01 ± 0.01
-0.57
0.57
Sex - M
0.05 ± 0.09
0.52
0.61
SeaIce - Low*fRC1 -0.19 ± 0.10
-1.84
0.07
Fines-scale Environmental Conditions:
TRIGratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 + Sex + Year
0.16
Intercept
0.91 ± 0.21
4.41 < 0.0001
fRC1
-0.01 ± 0.05
-0.16
0.87
fRC2
-0.11 ± 0.05
-2.19
0.03
dRC1
0.03 ± 0.05
0.69
0.49
dRC2
0.17 ± 0.05
3.61 0.001
numDiveBouts_day -0.003 ± 0.01 -0.27
0.79
ePC1
-0.07 ± 0.27
0.24
0.81
Sex - M
0.05 ± 0.09
0.58
0.57
Year - 2019
0.05 ± 0.14
0.36
0.72
Linear model output includes estimates of fixed effects, standard error (SE), t-statistics (t), p-values (p), and adjusted
R2 (Radj2; the proportion of variance in the model explained fixed effects). Significant p-values bolded. See methods
for full descriptions of models.
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Table 3.16. Summary of variation in thick-billed murre post-foraging baseline
corticosterone (bCORT) levels (log-scaled) as measures of energetic demand and
foraging success from broad-scale environmental conditions (sea ice regime) and finescale environmental conditions (ePC1 – sea ice extent and sea surface temperature) linear
models during the incubation period at Coats Island, Nunavut.

2

Model
Fixed Effects
Estimate ± SE t
p
R adj
Broad-scale Environmental Conditions:
logpostCORT ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex
0.11
Intercept
-0.25 ± 0.38
-0.63 0.53
SeaIce
-0.08 ± 0.19
-0.43 0.67
fRC1
-0.39 ± 0.11
-3.58 < 0.001
fRC2
0.17 ± 0.11
1.51 0.13
dRC1
0.12 ± 0.11
1.05 0.30
dRC2
-0.18 ± 0.11
-1.67 0.10
numDiveBouts_day 0.10 ± 0.03
3.04 0.003
Sex - M
-0.04 ± 0.21
-0.18 0.85
Fine-scale Environmental Conditions:
logpostCORT ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 + Sex + Year
0.07
Intercept
-0.44 ± 0.43
-1.03 0.31
fRC1
-0.36 ± 0.11
-3.26 0.002
fRC2
0.21 ± 0.12
1.83 0.07
dRC1
0.15 ± 0.11
1.32 0.19
dRC2
-0.19 ± 0.11
-1.73 0.09
numDiveBouts_day 0.10 ± 0.03
3.05 0.003
ePC1
0.71 ± 0.62
1.16 0.25
Sex - M
0.02 ± 0.22
0.10 0.92
Year - 2019
-0.35 ± 0.30
-1.17 0.24
Linear model output includes estimates of fixed effects, standard error (SE), t-statistics (t), p-values (p), and adjusted R 2
(Radj2; the proportion of variance in the model explained fixed effects). Significant p-values bolded. See methods for full
descriptions of models.
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Table 3.17. Summary of variation in thick-billed murre baseline corticosterone (bCORT)
ratio (log-scaled; post-foraging CORT/pre-foraging CORT) as measures of energetic
demand and foraging success from broad-scale environmental conditions (sea ice regime)
and fine-scale environmental conditions (ePC1 – sea ice extent and sea surface
temperature) models during the incubation period at Coats island, Nunavut.

2

Model
Fixed Effects
Estimate ± SE t
p R adj
Broad-scale Environmental Conditions:
logCORTratio ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex
0.07
Intercept
0.18 ± 0.51
0.36 0.72
SeaIce
0.21 ± 0.24
0.87 0.38
fRC1
-0.39 ± 0.14
-2.81 0.01
fRC2
0.06 ± 0.14
0.40 0.69
dRC1
0.17 ± 0.14
1.21 0.23
dRC2
-0.25 ± 0.14
-1.80 0.07
numDiveBouts_day 0.02 ± 0.04
0.59 0.56
Sex - M
-0.16 ± 0.27
-0.59 0.55
Fine-scale Environmental Conditions:
logCORTratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 + Sex + Year 0.06
Intercept
0.16 ± 0.55
0.29 0.77
fRC1
-0.38 ± 0.14
-2.72 0.01
fRC2
0.06 ± 0.15
0.41 0.68
dRC1
0.17 ± 0.15
1.18 0.24
dRC2
-0.25 ± 0.14
-1.8 0.08
numDiveBouts_day 0.02 ± 0.04
0.59 0.56
ePC1
0.08 ± 0.80
0.10 0.92
Sex - M
-0.16 ± 0.28
-0.55 0.58
Year - 2019
0.18 ± 0.39
0.47 0.64
Linear model output includes estimates of fixed effects, standard error (SE), t-statistics (t), p-values (p), and adjusted
R2 (Radj2; the proportion of variance in the model explained fixed effects). Significant p-values bolded. See methods for
full descriptions of models.
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Table 3.18. Summary of variation in thick-billed murre post-foraging betahydroxybutyrate (BOH) levels (log-scaled) as measures of energetic demand and
foraging success from broad-scale environmental conditions (sea ice regime) and finescale environmental conditions (ePC1 – sea ice extent and sea surface temperature) linear
mixed models during the incubation period at Coats Island, Nunavut.

2
2
Fixed Effects
Model
Estimate ± SE df
t
p
rm
rc
Broad-scale Environmental Conditions:
logpostBOH ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex + 1|Band
0.11 0.67
Intercept
0.04 ± 0.14 104.18 0.32 0.75
SeaIce - Low
0.04 ± 0.06 74.76 0.68 0.50
fRC1
-0.04 ± 0.04 104.97 -1.14 0.26
fRC2
-0.10 ± 0.04 99.36 -2.65 0.01
dRC1
0.05 ± 0.04 99.42 1.44 0.15
dRC2
-0.05 ± 0.04 90.16 -1.28 0.21
numDiveBouts_day 0.01 ± 0.01 104.84 0.58 0.57
Sex
-0.03 ± 0.07 100.68 -0.37 0.71
Fine-scale Environmental Conditions:
logpostBOH ~ fRC1 + fRC2*ePC1 + dRC1 + dRC2*ePC1 + numDiveBouts_day + Sex + Year + 1|Band 0.19 0.86
Intercept
0.10 ± 0.14 86.14 0.72 0.48
fRC1
-0.02 ± 0.04 98.24 -0.48 0.63
fRC2
0.07 ± 0.06 35.22 1.18 0.24
ePC1
0.26 ± 0.20 84.13 1.33 0.19
dRC1
0.04 ± 0.04 63.88 1.18 0.24
dRC2
0.06 ± 0.06 39.98 0.89 0.38
numDiveBouts_day -0.01 ± 0.01 98.03 -0.68 0.50
Sex - M
-0.01 ± 0.07 101.40 -0.18 0.85
Year - 2019
-0.06 ± 0.09 41.63 -0.64 0.53
fRC2*ePC1
-0.32 ± 0.09 23.51 -3.4 0.002
ePC1*dRC2
-0.14 ± 0.11 60.14 -1.29 0.20

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), t-statistics (t), p-values (p),
marginal R2 (rm 2; the proportion of variance in the model explained by the fixed effects) and conditional R 2 (rc2 ; the proportion of variance in
the model explained by both fixed and random effects). Significant p-values in bold. See methods for full descriptions of models.
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Table 3.19. Summary of variation in thick-billed murre beta-hydroxybutyrate (B-OH)
ratio (log-scaled; post-foraging B-OH/pre-foraging B-OH) as measures of energetic
demand and foraging success from broad-scale environmental conditions (sea ice regime)
and fine-scale environmental conditions (ePC1 – sea ice extent and sea surface
temperature) linear mixed models during the incubation period at Coats Island, Nunavut.

Fixed Effects
Model
Estimate ± SE df
t
p
Broad-scale Environmental Conditions:
logBOHratio ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex + 1|Band
Intercept
0.16 ± 0.20 102.0 0.79
0.43
SeaIce - Low
0.18 ± 0.09 88.49 1.98
0.05
fRC1
-0.01 ± 0.05 101.53 -0.23 0.82
fRC2
-0.02 ± 0.06 101.26 -0.32 0.75
dRC1
-0.08 ± 0.05 101.27 -0.85 0.40
dRC2
-0.01 ± 0.02 97.54 -1.59 0.12
numDiveBouts_day -0.01 ± 0.02 100.51 -0.37 0.71
Sex
-0.05 ± 0.10 96.45 -0.45 0.65
Fine-scale Environmental Conditions:
logBOHratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 + Sex + Year + 1|Band
Intercept
0.03 ± 0.22 100.81 0.13
0.90
fRC1
0.003 ± 0.05 100.16 0.06
0.95
fRC2
0.02 ± 0.06 100.98 0.26
0.79
dRC1
-0.03 ± 0.05 99.87 -0.50 0.62
dRC2
-0.09 ± 0.05 95.60 -1.63 0.11
numDiveBouts_day -0.004 ± 0.02 99.90 -0.28 0.78
ePC1
0.42 ± 0.31 100.69 1.38
0.17
Sex - M
-0.02 ± 0.11 96.97 -0.16 0.87
Year - 2019
0.03 ± 0.15 90.10 0.20
0.84

rm

2

rc

2

0.10 0.48

0.11 0.50

Linear mixed model output includes estimates of fixed effects, standard error (SE), degrees of freedom (df), t-statistics (t), p-values (p),
marginal R2 (rm 2; the proportion of variance in the model explained by the fixed effects) and conditional R 2 (rc2; the proportion of
variance in the model explained by both fixed and random effects). Significant p-values in bold. See methods for full descriptions of
models.
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Table 3.20. Summary of variation in thick-billed murre post-foraging non-esterified fatty
acids (NEFA) levels (log-scaled) and NEFA ratio (log-scaled; post NEFA/pre NEFA) as
measures of energetic demand and foraging success from fine-scale environmental
conditions (ePC1 – sea ice extent and sea surface temperature) linear models during the
incubation period, at Coats Island, Nunavut.

Model
Fixed Effects
Estimate ± SE t
p
R2adj
logpostNEFA ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 + Sex 0.53
Intercept
-1.67 ± 0.41 -4.08 < 0.001
fRC1
-0.04 ± 0.09 -0.47
0.64
fRC2
0.05 ± 0.09
0.55
0.59
dRC1
0.05 ± 0.09
0.57
0.57
dRC2
-0.14 ± 0.08 -1.73
0.09
numDiveBouts_day 0.04 ± 0.02
1.53
0.13
ePC1
-0.10 ± 0.44 -0.22
0.83
Sex - M
-0.02 ± 0.16 -0.10
0.92
logNEFAratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 + Sex 0.08
Intercept
-0.44 ± 0.56 -0.77 0.44
fRC1
-0.04 ± 0.12 -0.33 0.74
fRC2
0.03 ± 0.12
0.28 0.78
dRC1
-0.20 ± 0.12 -1.64 0.11
dRC2
-0.25 ± 0.11 -2.21 0.03
numDiveBouts_day 0.08 ± 0.03
2.3
0.03
ePC1
-0.47 ± 0.61 -0.77 0.44
Sex - M
0.15 ± 0.22
0.66 0.51
Linear model output includes estimates of fixed effects, standard error (SE), t-statistics (t), p-values (p), and
adjusted R2 (Radj2; the proportion of variance in the model explained fixed effects). Significant p-values
bolded. See methods for full descriptions of models.
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Table 3.21. Summary of variation in thick-billed murre post-foraging plasma triglyceride
(TRIG) levels (log-scaled) and TRIG ratio (log-scaled; post-foraging TRIG/pre-foraging
TRIG) as measures of foraging success from fine-scale environmental conditions (ePC1 –
sea ice extent and sea surface temperature) linear models during the chick-rearing period
at Coats Island, Nunavut.

2

Model
Fixed Effects
Estimate ± SE t
p
R adj
logpostTRIG ~ fRC1 + fRC2*ePC1 + fRC2*ChickAge + dRC1 + dRC2 +
0.39
numDiveBouts_day*ChickAge + Sex
Intercept
0.15 ± 0.80
0.18
0.86
fRC1
-0.004 ± 0.07 -0.06
0.95
fRC2
0.97 ± 0.61
1.60
0.12
ePC1
-1.18 ± 0.55
-2.15
0.04
ChickAge
0.11 ± 0.06
1.88
0.07
dRC1
0.13 ± 0.07
1.91
0.06
dRC2
0.06 ± 0.07
0.97
0.34
numDiveBouts_day
0.10 ± 0.05
2.13
0.04
Sex - M
-0.61 ± 0.14
-4.38 < 0.0001
fRC2*ePC1
-1.34 ± 0.64
-2.08
0.04
fRC2*ChickAge
0.05 ± 0.02
2.84 0.01
numDiveBouts_day*ChickAge -0.01 ± 0.004
-2.02 0.05
logTRIGratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day +
0.23
ChickAge + ePC1 + Sex
Intercept
1.30 ± 0.64
2.04
0.05
fRC1
-0.05 ± 0.07 -0.80
0.43
fRC2
0.22 ± 0.06
3.43 < 0.001
dRC1
-0.01 ± 0.07 -0.10
0.92
dRC2
0.13 ± 0.07
1.93
0.06
numDiveBouts_day
-0.02 ± 0.02 -0.92
0.36
ChickAge
-0.01 ± 0.02 -0.61
0.54
ePC1
-1.12 ± 0.54 -2.08
0.04
Sex - M
0.16 ± 0.14
1.12
0.27
Linear model output includes estimates of fixed effects, standard error (SE), t-statistics (t), p-values
(p), and adjusted R2 (Radj2; the proportion of variance in the model explained fixed effects). Significant
p-values bolded. See methods for full descriptions of models.
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Table 3.22. Summary of variation in thick-billed murre post-foraging baseline
corticosterone (CORT) levels (log-scaled) and CORT ratio (log-scaled; post-foraging
CORT/pre-foraging CORT) as measures of energetic demand and foraging success from
fine-scale environmental conditions (ePC1 – sea ice extent and sea surface temperature)
linear models during the chick-rearing period at Coats Island, Nunavut.

Model
Fixed Effects
Estimate ± SE
logpostbCORT ~ fRC1 + fRC2 + dRC1 + dRC2 +
numDiveBouts_day + ChickAge + ePC1 + Sex
Intercept
0.35 ± 1.25
fRC1
0.17 ± 0.13
fRC2
-0.28 ± 0.13
dRC1
-0.04 ± 0.13
dRC2
-0.11 ± 0.13
numDiveBouts_day 0.04 ± 0.05
ChickAge
0.01 ± 0.03
ePC1
-0.17 ± 1.06
Sex - M
0.31 ± 0.27
logbCORTratio ~ fRC1 + fRC2 + dRC1 + dRC2 +
numDiveBouts_day + ChickAge + ePC1 + Sex
Intercept
-2.11 ± 1.61
fRC1
0.27 ± 0.17
fRC2
-0.26 ± 0.16
dRC1
-0.27 ± 0.16
dRC2
-0.003 ± 0.17
numDiveBouts_day 0.06 ± 0.06
ChickAge
0.03 ± 0.04
ePC1
1.08 ± 1.37
Sex - M
0.20 ± 0.35

t

p

2

R

adj

0.01
0.28
1.33
-2.24
-0.28
-0.82
0.76
0.26
-0.16
1.12

0.78
0.19
0.03
0.78
0.41
0.46
0.79
0.88
0.27
-0.01

-1.31
1.62
-1.62
-0.02
-1.18
0.93
0.66
0.79
0.57

0.20
0.11
0.11
0.99
0.24
0.36
0.51
0.43
0.57

Linear model output includes estimates of fixed effects, standard error (SE), t-statistics (t),
p-values (p), and adjusted R2 (Radj2 ; the proportion of variance in the model explained fixed
effects). Significant p-values bolded. See methods for full descriptions of models.
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Table 3.23. Summary of variation in thick-billed murre post-foraging betahydroxybutyrate (B-OH) levels (log-scaled) and B-OH ratio (log-scaled; post-foraging BOH/pre-foraging B-OH) as measures of energetic demand and foraging success from
fine-scale environmental conditions (ePC1 – sea ice extent and sea surface temperature)
linear models during the chick-rearing period at Coats Island, Nunavut.

2

Model
Fixed Effects
Estimate ± SE t
p
R adj
logpostBOH ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day +
0.08
ChickAge + ePC1 + Sex
Intercept
-0.44 ± 0.44 -1.00 0.32
fRC1
0.03 ± 0.05
0.67 0.50
fRC2
-0.06 ± 0.04 -1.37 0.18
dRC1
-0.08 ± 0.05 -1.67 0.10
dRC2
-0.01 ± 0.05 -0.22 0.83
numDiveBouts_day 0.01 ± 0.02
0.72 0.48
ChickAge
-0.02 ± 0.01 -1.65 0.10
ePC1
0.94 ± 0.38
2.48 0.02
Sex - M
-0.12 ± 0.10 -1.3 0.21
logBOHratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day +
-0.07
ChickAge + ePC1 + Sex
Intercept
-0.37 ± 0.65 -0.57 0.57
fRC1
-0.004 ± 0.07 -0.06 0.95
fRC2
-0.05 ± 0.07 -0.76 0.44
dRC1
-0.01 ± 0.07 -0.09 0.93
dRC2
0.03 ± 0.07
0.41 0.68
numDiveBouts_day 0.002 ± 0.02 0.08 0.94
ChickAge
-0.03 ± 0.02 -1.71 0.09
ePC1
0.68 ± 0.55
1.23 0.22
Sex - M
-0.11 ± 0.14 -0.79 0.43
Linear model output includes estimates of fixed effects, standard error (SE), t-statistics (t), pvalues (p), and adjusted R2 (Radj2; the proportion of variance in the model explained fixed
effects). Significant p-values bolded. See methods for full descriptions of models.
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Table 3.24. Summary of variation in thick-billed murre post-foraging non-esterified fatty
acids (NEFA) levels (log-scaled) and NEFA ratio (log-scaled; post-foraging NEFA/preforaging NEFA) as measures of energetic demand and foraging success from fine-scale
environmental conditions (ePC1 – sea ice extent and sea surface temperature) linear
models during the chick-rearing period at Coats Island, Nunavut

2

Model
Fixed Effects
Estimate ± SE t
p R adj
logpostNEFA ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day +
0.16
Chickge + ePC1 + Sex
Intercept
-0.03 ± 0.74 -0.04 0.96
fRC1
-0.18 ± 0.08 -2.39 0.02
fRC2
0.09 ± 0.07 1.24 0.22
dRC1
-0.06 ± 0.08 -0.75 0.46
dRC2
0.03 ± 0.08 0.33 0.75
numDiveBouts_day -0.03 ± 0.03 -0.93 0.36
ChickAge
0.02 ± 0.02 1.21 0.23
ePC1
-0.64 ± 0.63 -1.02 0.31
Sex - M
-0.39 ± 0.16 -2.42 0.02
logNEFAratio ~ fRC1 + fRC2+ dRC1 + dRC2 + numDiveBouts_day +
0.08
ChickAge + ePC1 + Sex
Intercept
-0.17 ± 0.85 -0.2 0.84
fRC1
-0.12 ± 0.09 -1.26 0.21
fRC2
0.13 ± 0.09 1.53 0.13
dRC1
-0.05 ± 0.09 -0.50 0.62
dRC2
-0.02 ± 0.09 -0.19 0.85
numDiveBouts_day -0.01 ± 0.03 -0.23 0.82
ChickAge
0.01 ± 0.02 0.45 0.65
ePC1
0.32 ± 0.72 0.45 0.66
Sex - M
-0.36 ± 0.19 -1.94 0.06
Linear model output includes estimates of fixed effects, standard error (SE), t-statistics (t), pvalues (p), and adjusted R2 (Radj2; the proportion of variance in the model explained fixed
effects). Significant p-values bolded. See methods for full descriptions of models.
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Figure 3.1. Inter-annual variation in environmental conditions (ePC1 – sea ice extent and
sea surface temperature/SST – see Methods for details) throughout the thick-billed murre
breeding period (15 June – 15 August, breeding periods bounded by vertical dashed lines)
circles indicate median lay dates and triangles indicate median hatch dates within
respective years, 2017 (dark red; low ice regime; median lay: ordinal day of year
168/June 17th; median hatch: ordinal day of year 201/July 20th), 2018 (blue; high ice
regime; median lay: ordinal day of year 179/June 28th; median hatch: ordinal day of year
210/July 29th), and 2019 (light red; low ice regime; median lay: ordinal day of year
172/June 21st; median hatch: ordinal day of year 203/July 22nd), for birds breeding at
Coats Island, Nunavut.
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Figure 3.2. Foraging trips of thick-billed murres (diving locations in black dots,
swimming and flying locations in grey dots) from Coats Island, Nunavut during the
incubation (left panels) and chick-rearing periods (right panels) of 2017 (dark red, low
sea ice regime), 2018 (blue, high sea ice regime), and 2019 (light red, low sea ice
regime). Dashed lines represent the 95% utilization distribution (overall foraging area)
and solid lines represent the 50% utilization distributions (core foraging area).
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Figure 3.3. Correlation between environmental conditions (ePC1 – sea ice extent and sea
surface temperature /SST) and thick-billed murre foraging and diving behaviours during
the incubation period at Coats Island, Nunavut in 2017 (dark red), 2018 (blue), and 2019
(light red) – A) fRC1 (maximum distance travelled, average daily distance travelled, and
mean trip distance), B) fRC2 (mean trip duration and number of trips per day), C) dRC1
(maximum depth, maximum dive duration, mean depth, and mean dive duration), and D)
dRC2 (number of dives per day and time diving per day). Blue line represents the overall
model-fitted linear relationship and blue shading represents the 95% confidence interval
accounting for random factors and fixed effects included in the linear mixed model.
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CHAPTER 4
General Discussion

Climate change is having the greatest impact in Arctic regions, resulting in overall Arctic
sea ice declines and increasing inter-annual variability in sea ice dynamics (Winton 2006;
Serreze and Barry 2011; Post et al. 2013; Descamps et al. 2017; Bryndum-Buchholz et al.
2019). As sea ice dynamics influence trophic dynamics in Arctic marine ecosystems
through bottom-up trophic cascades, Arctic seabirds such as thick-billed murres (Uria
lomvia) are expected to be significantly affected (Post et al. 2009; Descamps et al. 2017).
Not only are environmental conditions expected to influence foraging behaviour and
foraging success of murres through impacts on prey availability and abundance, but
additional extrinsic factors such as colony size and chick demand, and intrinsic factors,
such as adult sex are likely to make these relationships even more complex (Ashmole
1963; Elliott et al. 2009, 2010; Oppel et al. 2018). Within this perspective, the overall
goal of my thesis was to address how environmental variability is influencing foraging
behaviour and foraging success of murres breeding in the low Arctic. In Chapter 2, I
aimed to address the impact of colony size on colony level sensitivity to environmental
change by integrating foraging behaviour (measured via bio-logging), average daily
energetic expenditure, and foraging success (measured via energetic biomarkers) from
two colonies of varying sizes, to examine colony level responses to both broad-scale (sea
ice regime) and fine-scale environmental variability (sea surface temperature and sea ice
extent). We found that foraging behaviour and foraging success varied in response to
environmental variation at both colonies, suggesting flexibility in responding to
environmental variability, however as foraging success at the large colony was negatively
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impacted in both breeding periods in a high regime and energetic demand was overall
higher, this suggests increased sensitivity of large colonies to future environmental
change. In Chapter 3, I aimed to address how additional extrinsic factors, chick demand,
and intrinsic factors, adult sex interact with environmental variability measured at broadand fine-scales to influence foraging and diving behaviour (measured via GPS
accelerometers), average daily energetic expenditure, and foraging success (measured via
energetic biomarkers) of murres at a low Arctic colony. We found that environmental
variability, chick-demand, and adult sex interacted to influence foraging behaviour, as
well as found interactive effects of environmental conditions and foraging behaviour, and
chick demand and foraging behaviour on adult foraging success, highlighting that the
trade-offs between adult and chick demand can be influenced by environmental
conditions. Overall murres appear to possess flexibility to adjust foraging behaviour in
response to environmental conditions, and the observed variation in foraging success
across strategies suggests murres in the low Arctic have the ability to cope with current
rates of environmental change occurring in the Canadian Arctic. The observation of
higher foraging success in warmer years with less ice, in contrast to our original
predictions that cooler, icier years would benefit this Arctic breeding species, highlights
the complexities of predicting the impacts of rapid environmental change within Arctic
ecosystems.

Climate Change Across Arctic Regions
Interestingly, results from both data chapters suggest that murres breeding at low Arctic
sites may actually be benefitting from warming, as murres foraged at closer distances and
had higher foraging success in warmer years with less ice. We predicted that a mismatch
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in timing of sea ice algae and phytoplankton blooms, due to earlier ice melt in warmer
years, would result in reduced zooplankton abundance leading to reduced abundance and
availability of marine fishes. However, our results suggest prey availability may have
been higher in warmer years. The expected phenological mismatch has already been
observed in other regions of the Arctic (e.g., Svalbard, Norway) subsequently resulting in
lower breeding success of both thick-billed murres and little auks (Alle alle) (Ramírez et
al. 2017). Conversely, in other Arctic regions (e.g. the Pribilof Islands, Alaska), murres
also responded positively to warming oceanic conditions, where murres had shorter
foraging distances and lower energetic demand (e.g., lower baseline corticosterone) in
warmer years, as well as a smaller isotopic niche breadth (Yamamoto et al. 2016;
Kokubun et al. 2018; Will and Kitaysky 2018). Indeed, warming may actually benefit
some Arctic sites, as less ice and a longer open-water season prolongs phytoplankton
blooms which could be beneficial for marine fishes. Likewise, even if a mismatch in the
timing of sea ice associated blooms in sea ice algae and phytoplankton is occurring,
leading to a reduction in zooplankton, the result could ultimately still benefit benthic
marine fishes as more energy will be delivered to the benthos (Grebmeier et al. 2006;
Doney et al. 2012; Ramírez et al. 2017). Nevertheless, researchers have cautioned that the
initial apparent benefits of warming may only be temporary (Kokubun et al. 2018; Will
and Kitaysky 2018). Indeed, warming may have tipping points, for instance a marine
heatwave across the North Pacific from California to Alaska led to a mass die-off of
common murres (Uria aalge), where researchers estimated mortality at nearly 1 million
birds as a result of starvation due to reduced prey availability of pelagic forage fish (Piatt
et al. 2020). Increased warming in Arctic regions may also negatively impact murres
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through avenues unrelated to foraging. For instance, on hot sunny days with low wind at
Coats Island, Nunavut researchers noted increased mosquito parasitism on murres
causing mortality of incubating murres, through a combination of blood loss and
dehydration, this could become more common if warming continues (Gaston et al. 2002).
Additionally, earlier sea ice retreat is causing polar bears (Ursus maritimus) to come on
to land earlier, in lower body condition and in search of alternative prey resources, and it
is thus likely continued warming could lead to increased polar predation, as this has been
noted at Coats Island, Nunavut, as well as at another nearby seabird colony, East Bay
Island, Nunavut (Iverson et al. 2014; Dey et al. 2017; Laidre et al. 2020; Jagielski et al.
2021). Indeed, the combination of increased mosquito parasitism and polar bear predation
in 2011 at Coats Island increased adult mortality by 20% (Gaston and Elliott 2013).
Finally, recent work on Coats Island, Nunavut has shown that murres incubating on cliff
ledges have very poor evaporative cooling responses and therefore a limited ability to
maintain body temperatures as air temperatures and solar radiation increase (Choy et al.
2021, in second revision). As such, continued monitoring of this species at multiple life
history stages in response to climate change will be imperative.

Colony Size and Sensitivity to Climate Change
Although colonial breeding has evolved as a benefit to a wide variety of animals, with
benefits including reduced predation risk, increased information-sharing leading to
increased foraging efficiency, and increased access to mating (Ward and Zahavi 1973;
Rolland et al. 1998), trade-offs with colony size also exist due to the density-dependent
effects of prey depletion surrounding colonies, as well as increased risk of disease and
parasitism (Storer 1952; Ashmole 1963; Rolland et al. 1998). As climate change is
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affecting prey availability and abundance it is thus likely seabird colonies of larger sizes,
which deplete resources at a faster rate, will be negatively impacted. Indeed, our results
from Chapter 2, suggest that larger colonies may be more sensitive to environmental
change, as we saw that foraging success was lower and energetic demand was higher in
high ice regimes and during both breeding periods compared to the smaller colony. Murre
colonies range from less than 500 to upwards of 750,000 breeding pairs located across
the circumpolar Arctic and the North Atlantic (Gaston et al. 2012; Merkel et al. 2014;
Goyert et al. 2017; Gaston and Hipfner 2020, Patterson et al., in prep). As we predicted
more sensitivity at our large colony of 400,000 breeding pairs compared to our small
colony of 30,000 breeding pairs this suggests colonies upwards of 400,000 are also likely
to be more sensitive to environmental perturbations. As the majority of colonies located
within North Atlantic regions (e.g., 71%; Patterson et al., in prep.) fall below 50,000
breeding pairs future work should investigate sensitivity of mid-size colonies to
environmental perturbations.

Environmental Variability Influences Adult Foraging Behaviour and Success:
Implications for Breeding Success
Although we could not measure breeding success directly, in Chapter 3 we nonetheless
found that environmental variability and chick-demand interacted to influence foraging
behaviour, where murres in a high ice regime made more dive bouts per day, an
energetically costly activity, suggesting lower prey availability. If adult murres are
having trouble locating prey in years of low prey availability (i.e., they have lower
foraging success), the result could be reduced breeding success if adults reduce chickprovisioning to focus on self-provisioning, opting to instead invest in current state and
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future reproduction over current reproduction. These trade-offs have been observed at
other seabird colonies, for example, Atlantic puffins (Fratercula arctica) in a year of low
prey availability had lower breeding success as adults reduced chick-provisioning, as a
result of increased foraging distance (Fayet et al. 2021). This finding suggests then that in
years of low prey availability murres foraging at further distances (i.e., at larger colonies)
may see reduced breeding success as a result of reduced chick-provisioning.
Interestingly, environmental heterogeneity (i.e., the patchiness of resources) negatively
influenced the breeding success of Arctic-breeding black-legged kittiwakes (Rissa
tridactyla), as birds had to forage further in more patchy environments, further
highlighting how environmentally impacted foraging behaviour can influence breeding
success (Trevail et al. 2019). In Chapter 3 we also observed variation in foraging success
of foraging strategies across environmental conditions. As some degree of individual
specialization is known to occur in this population, this finding suggests specialization
may allow the population to help buffer the effects of a changing climate (Woo et al.
2008; Elliott et al. 2010), where breeding success of some individuals may be negatively
impacted in given year, while others still do well, leading to stable breeding success
across environmental conditions at the colony level.

Conclusions and Future Directions
Our results suggest warming in the low Arctic may be beneficial for murres, in terms of
foraging opportunities. However, to gain a further understanding of how prey availability
is being influenced by environmental variation in this region future work should prioritize
prey item surveys and/or pair adult diet (via stable isotopes) and chick diet and
provisioning rates (via feeding watches) studies with information on foraging and diving
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behaviour (via GPS accelerometers) and foraging success (via energetic biomarkers).
Obtaining high-resolution environmental data (e.g., sea ice data, sea surface temperature,
and chlorophyll-a concentration) as well as bathymetric data and then mapping murre
movement in relation to all of these combined metrics could help researchers better
determine whether murres are visiting foraging hotspots (i.e., cueing into ephemeral
pelagic prey patches) associated with sea ice or phytoplankton blooms or relying on more
solitary benthic species. Ultimately to understand how individual-based foraging
decisions ultimately impact fitness and therefore population health researchers should
strive to link all of these complex mechanisms to breeding success whenever possible.
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APPENDICES

APPENDIX A
Appendix 1. Model comparison of full (main) versus null models for colony-related
variation in thick-billed murre foraging behaviour (fPC1 – maximum distance travelled,
average daily distance, mean trip distance, mean trip duration, and number of trips per
day) from broad-scale environmental conditions (sea ice regime) linear mixed models
during the incubation period at Coats Island, Nunavut and Digges Island, Nunavut from
Chapter 2. Listed are the samples sizes (N), the Akaike Information Criterion corrected
for small samples sizes (AICc), the difference in AICc (∆AICc), model weight (w), and
2 values and p-values of ANOVA.

Model

N

Inter-colony:
main fPC1 ~ SeaIce + Colony + Sex + 1| Year + 1|Band + 1|StartDate
null fPC1 ~ 1| Year + 1|Band + 1|StartDate
main fPC1 ~ ePC1 + Colony + Sex + 1|Year + 1|Band
null fPC1 ~ 1|Year + 1|Band
Low Ice Regime
main fPC1 ~ Colony + Sex + Year + 1|Band + 1|StartDate
null fPC1 ~ 1|Band + 1|StartDate
High Ice Regime
main fPC1 + Colony + 1|StartDate
null fPC1 ~ 1|StartDate
Intra-colony:
Coats
main fPC1 + SeaIce + Sex + Year + 1|Band + 1|StartDate
null fPC1 ~ 1|Band + 1|StartDate
main fPC1 ~ ePC1 + Sex + Year + 1|Band
null fPC1 ~ 1|Band
Digges
main fPC1 ~ SeaIce + Sex + Year + 1|Band + 1|StartDate
null fPC1 ~ 1|Band + 1|StartDate
main fPC1 ~ ePC1 + Sex + Year + 1|Band
null fPC1 ~ 1|Band

191

208
208
208
208

Model Comparison
AICc ∆AICc w

ANOVA
χ2 p-value

442.6 0.00
452.9 10.27
420.8 0.00
456.4 35.58

0.444
0.003
0.643
0.000

41.94 < 0.0001

120 189.3 2.23
120 220.0 32.97

0.172
0.000

37.4 < 0.0001

88 226.8 0.00
88 273.9 47.06

1.000
0.000

49.25 < 0.0001

164
164
164
164

0.130
0.021
0.535
0.000

233.1 1.81
236.7 5.42
223.6 0.00
260.4 36.74

44 144.2
44 148.8
44 143.2
44 148

2.52
7.11
5.04
9.91

0.215
0.022
0.033
0.003

16.7 < 0.0001

10.08

0.02

45.31 < 0.0001

9.83

0.007

12.54

0.006

Appendix 2. Model comparison of full (main) versus null models for colony-related
variation in thick-billed murre foraging behaviour (fPC1 – maximum distance travelled,
mean trip distance, mean trip duration, and number of trips per day; and average daily
distance – dailyDist) from broad-scale environmental conditions (sea ice regime) linear
mixed models and generalized linear mixed models during the chick-rearing period at
Coats Island, Nunavut and Digges Island, Nunavut from Chapter 2. Listed are the
samples sizes (N), the Akaike Information Criterion corrected for small samples sizes
(AICc), the difference in AICc (∆AICc), model weight (w), and 2 values and p-values of
ANOVA.

Model

N

Inter-colony:
main fPC1 ~ SeaIce + Colony*Sex + 1|Year + 1|Band + 1|StartDate
null fPC1 ~ 1| Year + 1|Band + 1|StartDate
main fPC1 ~ ePC1*Colony + Sex + 1|Year + 1|Band
null fPC1 ~ 1|Year + 1|Band
main dailyDist ~ SeaIce + Colony + Sex + 1|Year + 1|Band + 1|StartDate
null dailyDist ~ 1| Year + 1|Band + 1|StartDate
main dailyDist ~ ePC1 + Colony + Sex + 1|Year + 1|Band
null dailyDist ~ 1|Year + 1|Band
Low Ice Regime
main fPC1 ~ Colony*Sex + Year + 1|Band + 1|StartDate
null fPC1 ~ 1|Band + 1|StartDate
High Ice Regime
main fPC1 ~ Colony + Sex + Year + 1|Band + 1|StartDate
null fPC1 ~ 1|Band + 1|StartDate
Intra-colony:
Coats
main fPC1 ~ SeaIce + Sex + Year + 1|Band
null fPC1 ~ 1|Band
Digges
main fPC1 ~ SeaIce + Sex + Year + 1|Band + 1|StartDate
null fPC1 ~ 1|Band + 1|StartDate

192

343
343
343
343
343
343
343
343

Model Comparison
AICc ∆AICc w

ANOVA
χ2 p-value

690.6 0.00 0.269
699.5 8.91 0.003 17.21
694.9 1.38 0.223
703.8 10.34 0.003 17.27
3461.5 4.13 0.037
3457.4 0.00 0.291 2.12
3468.4 2.48 0.109
3470.6 4.76 0.035 8.49

0.002
0.002
0.55
0.04

253 454.4
253 541.8

0.57 0.264
87.98 0.000 98.00 < 0.0001

90
90

1.98 0.09
68.59 0.000 71.15 < 0.001

220.1
286.7

181 268.2
181 273.6

1.44 0.148
6.89 0.01 11.80

162 376.4
162 415.7

1.74 0.165
41.02 0.000 45.75 <0.001

0.001

Appendix 3. Model comparison of full (main) versus null models for colony-related
variation in thick-billed murre average daily energetic expenditure (DEE) from broadscale environmental conditions (sea ice regime) and fine-scale environmental conditions
(ePC1 – sea ice extent and sea surface temperature) linear mixed models during the
incubation and chick-rearing periods at Coats Island, Nunavut and Digges Island,
Nunavut from Chapter 2. Listed are the samples sizes (N), the Akaike Information
Criterion corrected for small samples sizes (AICc), the difference in AICc (∆AICc),
model weight (w), and 2 values and p-values of ANOVA.

Model

N

Incubation Period:
Broad-scale Environmental Conditions
main DEE ~ SeaIce + Colony*fPC1 + Sex + Year + 1|Band
null DEE ~ 1|Band
Fine-scale Environmental Conditions
main DEE ~ Colony*ePC1*fPC1 + Sex + Year + 1|Band
null DEE ~ 1|Band
Chick-rearing Period:
Broad-scale Environmental Conditions
main DEE ~ SeaIce*Colony + fPC1 + dailyDist + Sex + 1|Year + 1|Band
null DEE ~ 1|Year + 1|Band
Fine-scale Environmental Conditions
main DEE ~ ePC1 + Colony + fPC1 + dailyDist + Sex + 1|Year + 1|Band
null DEE ~ 1|Year + 1|Band

193

Model Comparison
AICc ∆AICc
w

ANOVA
χ2
p-value

208 2933.8 5.34 0.028
208 3072.1 143.70 0.000 151.16 < 0.0001
208 2922.5 7.17 0.018
208 3072.1 156.75 0.000 173.64 < 0.0001

343 4571.6 2.12 0.137
343 5202.0 632.52 0.000 642.94 < 0.0001
343 4583.3 2.09 0.050
343 5202.0 620.84 0.000 629.18 < 0.0001

Appendix 4. Model comparison of full (main) versus null models for colony-related
variation in thick-billed murre foraging success – post-foraging triglcyerides (TRIG; logscaled), TRIG ratio (post-foraging TRIG/pre-foraging TRIG; log-scaled), post-foraging
baseline corticosterone bCORT (log-scaled), bCORT ratio (post-foraging bCORT/preforaging bCORT; log-scaled), post-foraging beta-hydroxybutyrate (B-OH; log-scaled),
and B-OH ratio (post-foraging B-OH/pre-foraging B-OH; log-scaled) from broad-scale
environmental conditions (sea ice regime) linear mixed models during the incubation
period at Coats Island, Nunavut and Digges Island, Nunavut from Chapter 2. Listed are
the samples sizes (N), the Akaike Information Criterion corrected for small samples sizes
(AICc), the difference in AICc (∆AICc), model weight (w), and 2 values and p-values of
ANOVA.

Model

N

TRIG
main logpostTRIG ~ Colony*SeaIce*fPC1 + Sex + 1|Band + 1|StartDate
null 1|Band + 1|StartDate
main logTRIGratio ~ SeaIce + Colony*fPC1 + Sex + 1|Band + 1|StartDate
null 1|Band + 1|StartDate
bCORT
main logpostbCORT ~ Colony*SeaIce + fPC1 + Sex + 1|Band + 1|StartDate
null 1|Band + 1|StartDate
main logbCORTratio ~ Colony + SeaIce + fPC1 + Sex + 1|Band + 1|StartDate
null 1|Band + 1|StartDate
BOH
main logpostBOH ~ Colony*SeaIce + fPC1 + Colony*Sex + 1|Band + 1|StartDate
null 1|Band + 1|StartDate
main logBOHratio ~ Colony*SeaIce + fPC1 + Sex + 1|Band + 1|StartDate
null 1|Band + 1|StartDate

194

Model Comparison
AICc
∆AICc
w

135
135
121
121

160.0
161.9
182.0
182.3

0.76
2.63
3.13
3.40

0.058
0.023
0.071
0.062

152
152
149
149

403.2
422.9
451.4
456.2

0.53
20.22
2.41
7.18

0.173
0.000
0.093
0.009

158
158
152
152

75.1
128.7
189.6
205.9

0.00
53.64
1.51
17.79

0.993
0.000
0.249
0.000

ANOVA
χ2
p-value

20.12

< 0.0001

11.54

0.04

30.69

< 0.0001

13.52

0.009

66.87

< 0.0001

27.28

< 0.0001

Appendix 5. Model comparison of full (main) versus null models for colony-related
variation in thick-billed murre foraging success – post-foraging triglcyerides (TRIG; logscaled), TRIG ratio (post-foraging TRIG/pre-foraging TRIG; log-scaled), post-foraging
baseline corticosterone bCORT (log-scaled), bCORT ratio (post-foraging bCORT/preforaging bCORT; log-scaled), post-foraging beta-hydroxybutyrate (B-OH; log-scaled),
B-OH ratio (post-foraging B-OH/pre-foraging B-OH; log-scaled) and non-esterified fatty
acids (NEFA; log-scaled), NEFA ratio (post-foraging NEFA/pre-foraging NEFA; logscaled) from fine-scale environmental conditions (ePC1 – sea ice extent and sea surface
temperature) linear mixed models or linear models during the incubation period at Coats
Island, Nunavut and Digges Island, Nunavut from Chapter 2. Listed are the samples sizes
(N), the Akaike Information Criterion corrected for small samples sizes (AICc), the
difference in AICc (∆AICc), model weight (w), and 2 values and p-values of ANOVA.

Model
TRIG
main logpostTRIG ~ Colony*fPC1 + fPC1*ePC1 + Sex + Year + 1|Band
null logpostTRIG ~ 1|Band
main logTRIGratio ~ Colony*fPC1 + fPC1*ePC1 + Sex + Year + 1|Band
null logTRIGratio ~ 1|Band
bCORT
main logpostnCORT ~ Colony + fPC1 + ePC1 + Sex + Year + 1|Band
null logpostbCORT ~ 1|Band
main logbCORTratio ~ Colony + fPC1*ePC1 + Sex + Year + 1|band
null logbCORTratio ~ 1|Band
BOH
main logpostBOH ~ fPC1 + ePC1 + Colony*Sex + Year + 1|Band
null logpostBOH ~ 1|Band
main logBOHratio ~ Colony*fPC1 + fPC1*ePC1 + Sex + Year + 1|Band
null logBOHratio ~ 1|Band
NEFA
main logpostNEFA ~ Colony + fPC1 + ePC1 + Sex + Year
null logpostNEFA ~ 1
main logNEFAratio ~ Colony + fPC1 + ePC1 + Sex + Year
null logNEFAratio ~ 1

195

N

Model Comparison
AICc ∆AICc w

135
135
121
121

153.9 0.88 0.206
163.5 10.48 0.002
183.6 3.13 0.037
184.2 3.65 0.029

152
152
149
149

408.5 4.74 0.020
433.2 29.41 0.000
451.0 2.91 0.044
454.3 6.14 0.009

158
158
152
152

76.3 0.00 0.576
135.6 59.24 0.000
188.5 1.9 0.044
204.6 17.95 0.000

90
90
87
87

141.5 5.22 0.011
181.5 45.22 0.000
199.0 9.94 0.002
189.1 0.00 0.218

ANOVA
χ2 or F p-value

27.56 < 0.0001
18.74

0.02

37.78 < 0.0001
18.66

0.009

74.58 < 0.0001
33.77 < 0.0001

12.89 < 0.0001
0.25

0.94

Appendix 6. Model comparison of full (main) versus null models for colony-related
variation in thick-billed murre foraging success – post-foraging triglcyerides (TRIG; logscaled), TRIG ratio (post-foraging TRIG/pre-foraging TRIG; log-scaled), post-foraging
baseline corticosterone bCORT (log-scaled), bCORT ratio (post-foraging bCORT/preforaging bCORT; log-scaled), post-foraging beta-hydroxybutyrate (B-OH; log-scaled),
B-OH ratio (post-foraging B-OH/pre-foraging B-OH; log-scaled) and non-esterified fatty
acids (NEFA; log-scaled), NEFA ratio (post-foraging NEFA/pre-foraging NEFA; logscaled) from fine-scale environmental conditions (ePC1 – sea ice extent and sea surface
temperature) linear mixed models or linear models during the chick-rearing period at
Coats Island, Nunavut and Digges Island, Nunavut from Chapter 2. Listed are the
samples sizes (N), the Akaike Information Criterion corrected for small samples sizes
(AICc), the difference in AICc (∆AICc), model weight (w), and 2 values and p-values of
ANOVA.

Model
TRIG
main logpostTRIG ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year
null logpostTRIG ~ 1
main logTRIGratio ~ fPC1 + dailyDist + ePC1 + Colony*Sex + Year
null logTRIGratio ~ 1
bCORT
main logpostbCORT ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year + 1|Band
null logpostbCORT ~ 1|Band
main logbCORTratio ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year + 1|Band
null logbCORTratio ~ 1|Band
BOH
main logpostBOH ~ Colony*fPC1*ePC1 + dailyDist*ePC1 + Sex + Year
null logpostBOH ~ 1
main logBOHratio ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year
null logBOHratio ~ 1
NEFA
main logpostNEFA ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year + 1|Band
null logpostNEFA ~ 1|Band
main logNEFAratio ~ Colony + fPC1 + dailyDist + ePC1 + Sex + Year
null logNEFAratio ~ 1

196

N

Model Comparison
AICc ∆AICc w

99
99
98
98

133.0
162.7
143.0
152.1

1.67
31.38
2.42
11.55

0.082
0.000
0.049
0.001

106
106
105
105

270.7
303.1
311.9
304.7

6.29
38.71
9.58
2.45

0.005
0.000
0.001
0.033

97
97
96
96

105.7
111.2
159.2
150.7

4.60
10.03
8.53
0.00

0.008
0.000
0.001
0.104

105
105
97
97

166.5 3.89 0.013
208.70 46.07 0.000
174.6 5.56 0.008
181.4 12.33 0.000

ANOVA
χ2 or F p-value

8.38

< 0.0001

3.74

0.001

46.07 < 0.0001
6.52

0.37

2.99

0.002

0.79

0.58

55.84 < 0.0001
3.49

0.004

Appendix 7. Model comparison of full (main) versus null models for variation in thickbilled murre foraging behaviour (fRC1 – maximum distance travelled, average daily
distance travelled, and mean trip distance & fRC2 – mean trip duration and number of
trips per day) and diving behaviour (dRC1 – maximum depth, maximum dive duration,
mean depth, and mean dive duration, dRC2 – number of dives per day and time diving
per day & number of dive bouts per day) from broad-scale environmental conditions (sea
ice regime) and fine-scale environmental conditions (ePC1 – sea ice extent and sea
surface temperature) linear mixed models and generalized linear mixed models during the
incubation period at Coats Island, Nunavut from Chapter 3. Listed are the samples sizes
(N), the Akaike Information Criterion corrected for small samples sizes (AICc), the
difference in AICc (∆AICc), model weight (w), and 2 values and p-values of ANOVA.

Model
Broad-scale Environmental Conditions:
main fRC1 ~ SeaIce + Sex + Year + 1|Band
null fRC1 ~ + 1|Band
main fRC2 ~ SeaIce + Sex + Year + 1|Band + 1|StartDate
null fRC2 ~ 1|Band + 1|StartDate
main dRC1 ~ SeaIce + Sex + Year + 1|Band + 1|StartDate
null dRC1 ~ 1|Band + 1|StartDate
main dRC2 ~ SeaIce +Sex + Year + 1|Band + 1|StartDate
null dRC2 ~ 1|Band + 1|StartDate
main numDiveBouts_day ~ SeaIce + Sex + Year + 1|Band + 1|StartDate
null numDiveBouts_day ~ 1|Band + 1|StartDate
Fine-scale Environmental Conditions:
main fRC1 ~ ePC1 + Sex + Year + 1|Band
null fRC1 ~ 1|Band
main fRC2 ~ ePC1 + Sex + Year + 1|Band
null fRC2 ~ 1|Band
main dRC1 ~ ePC1 + Sex + Year + 1|Band
null dRC1 ~ 1|Band
main dRC2 ~ ePC1 + Sex + Year 1|Band
null dRC2 ~ 1|Band
main numDiveBouts_day ~ ePC1 + Sex + Year + 1|Band
null numDiveBouts_day ~ 1|Band
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Model Comparison
N AICc ∆AICc w

ANOVA
χ2 p-value

159
159
159
159
159
159
159
159
159
159

420.3 2.12 0.122
429.4 11.3 0.001 15.58 0.001
438.3 1.05 0.180
444.8 7.52 0.007 12.96 0.005
416.8 2.13 0.200
436.4 21.69 0.000 26.04 < 0.0001
255.8 0.79 0.124
256.1 1.07 0.108 6.76
0.08
495.9 3.85 0.049
492.0 0.00 0.338 2.64
0.45

159
159
159
159
159
159
159
159
159
159

408.5 1.96 0.239
429.4 22.89 0.000 29.52 < 0.0001
432.6 0.00 0.774
454.6 22.0 0.000 30.58 < 0.0001
405.4 3.92 0.124
439.2 37.65 0.000 42.32 < 0.0001
254.9 0.00 0.748
285.3 30.36 0.00 38.95 < 0.0001
817.7 7.35 0.011
810.3 0.00 0.422 1.24
0.87

Appendix 8. Model comparison of full (main) versus null models for variation in thickbilled murre foraging behaviour (fRC1 – mean trip distance, mean trip time, and number
of trips per day & fRC2 – maximum distance, average daily distance, and mean trip
distance) and diving behaviour (dRC1 – maximum dive depth, maximum dive duration,
mean dive depth, and mean dive duration, dRC2 – mean dives per dive bout, number of
dives per day, and time diving per day & number of dive bouts per day) from broad-scale
environmental conditions (sea ice regime) and fine-scale environmental conditions (ePC1
– sea ice extent and sea surface temperature) linear mixed models during the chickrearing period at Coats Island, Nunavut from Chapter 3. Listed are the samples sizes (N),
the Akaike Information Criterion corrected for small samples sizes (AICc), the difference
in AICc (∆AICc), model weight (w), and 2 values and p-values of ANOVA.

Model
Broad-scale Environmental Conditions:
main fRC1 ~ SeaIce + ChickAge + Sex + Year + 1|Band
null fRC1 ~ 1|Band
main fRC2 ~ SeaIce + ChickAge*Sex + Year + 1|Band
null fRC2 ~ 1|Band
main dRC1 ~ SeaIce + ChickAge + Sex + Year + 1|Band
null dRC1 ~ 1|Band
main dRC2 ~ SeaIce*Sex + ChickAge + Year + 1|Band
null dRC2 ~ 1|Band
main numDiveBouts_day ~ SeaIce*ChickAge + ChickAge*Sex + Year + 1|Band
null numDiveBouts_day ~ 1|Band
Fine-scale Environmental Conditions:
main fRC1 ~ ePC1 + ChickAge + Sex + Year + 1|Band
null fRC1 ~ 1|Band
main fRC2 ~ ePC1*ChickAge*Sex + Year + 1|Band
null fRC2 ~ 1|Band
main dRC1 ~ ePC1*ChickAge + Sex + Year + 1|Band
null dRC1 ~ 1|Band
main dRC2 ~ ePC1 + ChickAge + Sex + Year 1|Band
null dRC2 ~ 1|Band
main numDiveBouts_day ~ ePC1*ChickAge*Sex + Year + 1|Band
null numDiveBouts_day ~ 1|Band
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Model Comparison
N AICc ∆AICc w

ANOVA
χ2 p-value

155
155
155
155
155
155
155
155
155
155

417.9 3.16 0.047
426.3 11.52 0.001 16.96 0.002
416.7 2.1 0.064
418.9 4.35 0.021 13.08 0.02
394.6 3.85 0.061
400.6 9.82 0.003 14.57 0.01
375.8 0.00 0.391
406.6 30.84 0.000 41.67 < 0.0001
872.4 0.09 0.777
919.9 47.56 0.000 60.64 < 0.0001

155
155
155
155
155
155
155
155
155
155

419.8 5.05 0.026
426.3 11.52 0.001 17.3 0.004
417.1 5.2 0.019
418.9 7.03 0.008 21.87 0.01
386.8 3.08 0.147
400.6 16.90 0.000 26.9 < 0.0001
383.3 3.49 0.046
406.6 26.79 0.000 34.13 < 0.0001
874.3 0.56 0.175
919.9 46.2 0.000 65.68 < 0.0001

Appendix 9. Model comparison of full (main) versus null models for variation in thick-billed murre average daily energetic
expenditure (DEE) from broad-scale environmental conditions (sea ice regime) and fine-scale environmental conditions (ePC1 – sea
ice extent and sea surface temperature) linear mixed models during the incubation and chick-rearing periods at Coats Island, Nunavut
from Chapter 3. Listed are the samples sizes (N), the Akaike Information Criterion corrected for small samples sizes (AICc), the
difference in AICc (∆AICc), model weight (w), and 2 values and p-values of ANOVA.

Model

N

Incubation Period:
Broad-scale Environmental Conditions
main DEE ~ SeaIce*fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex + Year + (1|Band)
null DEE ~ 1|Band
Fine-scale Environmental Conditions
main DEE ~ ePC1 + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex + Year + 1|Band
null DEE ~ 1|Band
Chick-rearing Period:
Broad-scale Environmental Conditions
main DEE ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ChickAge + Sex + Year + 1|Band
null DEE ~ 1|Band
Fine-scale Environmental Conditions
main DEE ~ ePC1 + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ChickAge + Sex + Year + 1|Band
null DEE ~ 1|Year + 1|Band
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Model Comparison
AICc ∆AICc
w

ANOVA
χ2
p-value

159
159

2103.7
2299.5

4.44
200.27

0.013
0.000

215.81 < 0.0001

159
159

2101.0
2299.5

4.72
203.23

0.014
0.000

218.5 < 0.0001

155
155

2055.3
2311.0

4.10
259.78

0.001
0.000

275.71 < 0.0001

155
155

2057.5
2311.0

6.31
259.78

0.007
0.000

275.89 < 0.0001

Appendix 10. Model comparison of full (main) versus null models for variation in thick-billed murre foraging success – post-foraging
triglcyerides (TRIG; log-scaled), TRIG ratio (post-foraging TRIG/pre-foraging TRIG), post-foraging baseline corticosterone bCORT
(log-scaled), bCORT ratio (post-foraging bCORT/pre-foraging bCORT; log-scaled), post-foraging beta-hydroxybutyrate (B-OH; logscaled), and B-OH ratio (post-foraging B-OH/pre-foraging B-OH; log-scaled), and non-esterified fatty acids (NEFA; log-scaled),
NEFA ratio (post-foraging NEFA/pre-foraging NEFA; log-scaled) from broad-scale environmental conditions (sea ice regime) linear
mixed models and linear models during the incubation period at Coats Island, Nunavut from Chapter 3. Listed are the samples sizes
(N), the Akaike Information Criterion corrected for small samples sizes (AICc), the difference in AICc (∆AICc), model weight (w), and
2 /F-statistics and p-values of ANOVA.

main
null
main
null
main
null
main
null
main
null
main
null

Model
logpostTRIG ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex + 1|Band
logpostTRIG ~ 1|Band
TRIGratio ~ SeaIce*fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex
TRIGratio ~ 1
logpostbCORT ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex
logpostbCORT ~ 1
logbCORTratio ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex
logbCORTratio ~ 1
logpostBOH ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex + 1|Band
DEE ~ 1|Band
logBOHratio ~ SeaIce + fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + Sex + (1|Band)
DEE ~ 1|Band
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N
99
99
85
85
104
104
103
103
113
113
110
110

Model Comparison
ANOVA
AICc ∆AICc
w χ2 or F p-value
98.10 5.62 0.009
111.40 18.92 0.000 29.55 < 0.001
73.18 9.81 0.001
81.34 17.97 0.000 3.55
0.002
98.30 5.87 0.003
111.37 18.92 0.000 2.78
0.01
322.21 7.36 0.002
331.65 6.81 0.003 2.17
0.04
72.83 8.13 0.001
71.34 6.65 0.003 14.46
0.04
152.16 9.93 0.000
148.75 6.52 0.004 12.59
0.08

Appendix 11. Model comparison of full (main) versus null models for variation in thick-billed murre foraging success – post-foraging
triglcyerides (TRIG; log-scaled), TRIG ratio (post-foraging TRIG/pre-foraging TRIG), post-foraging baseline corticosterone bCORT
(log-scaled), bCORT ratio (post-foraging bCORT/pre-foraging bCORT; log-scaled), post-foraging beta-hydroxybutyrate (B-OH; logscaled), and B-OH ratio (post-foraging B-OH/pre-foraging B-OH; log-scaled), and non-esterified fatty acids (NEFA; log-scaled),
NEFA ratio (post-foraging NEFA/pre-foraging NEFA; log-scaled) from fine-scale environmental conditions (sea ice regime) linear
mixed models and linear models during the incubation period at Coats Island, Nunavut from Chapter 3. Listed are the samples sizes
(N), the Akaike Information Criterion corrected for small samples sizes (AICc), the difference in AICc (∆AICc), model weight (w),
and 2 /F-statistics and p-values of ANOVA.

main
null
main
null
main
null
main
null
main
null
main
null
main
null
main
null

Model
logpostTRIG ~ fRC1*ePC1 + fRC2*ePC1 + dRC1 + dRC2 + numDiveBouts_day + Sex + Year + 1|Band
logpostTRIG ~ 1|Band
TRIGratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 + Sex + Year
TRIGratio ~ 1
logpostCORT ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 +Sex + Year
logpostCORT ~ 1
logCORTratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 + Sex + Year
logCORTratio ~ 1
logpostBOH ~ fRC1 + fRC2*ePC1 + dRC1 + dRC2*ePC1 + numDiveBouts_day + Sex + Year + 1|Band
logpostBOH ~ 1|Band
logBOHratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 + Sex + Year + 1|Band
logBOHratio ~ 1|Band
logpostNEFA ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 +Sex
logpostNEFA ~ 1
logNEFAratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ePC1 +Sex
logNEFAratio ~ 1
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N
99
99
85
85
104
104
103
103
113
113
110
110
64
64
63
63

Model Comparison
ANOVA
AICc ∆AICc
w
χ2
p-value
98.30 5.87 0.003
111.36 18.92 0.000 37.09 < 0.0001
76.81 13.45 0.000
81.34 17.97 0.000 3.00
0.01
286.31 6.24 0.004
288.71 8.65 0.001 2.61
0.02
334.65 9.8
0.000
331.65 6.81 0.002 1.88
0.07
62.91 8.47 0.000
71.35 16.91 0.000 31.9 < 0.001
152.50 13.56 0.000
148.75 9.81 0.001 14.72
0.06
112.30 11.86 0.000
101.78 1.34 0.043 0.87
0.53
149.54 8.40 0.001
144.97 3.83 0.012 1.74
0.12

Appendix 12. Model comparison of full (main) versus null models for variation in thick-billed murre foraging success – post-foraging
triglcyerides (TRIG; log-scaled), TRIG ratio (post-foraging TRIG/pre-foraging TRIG), post-foraging baseline corticosterone bCORT
(log-scaled), bCORT ratio (post-foraging bCORT/pre-foraging bCORT; log-scaled), post-foraging beta-hydroxybutyrate (B-OH; logscaled), B-OH ratio (post-foraging B-OH/pre-foraging B-OH; log-scaled), non-esterified fatty acids (NEFA; log-scaled), NEFA ratio
(post-foraging NEFA/pre-foraging NEFA; log-scaled) from fine-scale environmental conditions (ePC1 – sea ice extent and sea surface
temperature) linear models during the chick-rearing period at Coats Island, Nunavut Chapter 3. Listed are the samples sizes (N), the
Akaike Information Criterion corrected for small samples sizes (AICc), the difference in AICc (∆AICc), model weight (w), and 2 and
p-values of ANOVA.

main
null
main
null
main
null
main
null
main
null
main
null
main
null
main
null

Model
logpostTRIG ~ fRC1 + fRC2*ePC1 + fRC2*ChickAge + dRC1 + dRC2 + numDiveBouts_day*ChickAge + Sex
logpostTRIG ~ 1
logTRIGratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ChickAge + ePC1 + Sex
logTRIGratio ~ 1
logpostbCORT ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ChickAge + ePC1 + Sex
logpostbCORT ~ 1
logbCORTratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ChickAge + ePC1 + Sex
logbCORTratio ~ 1
logpostBOH ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ChickAge + ePC1 + Sex
logpostBOH ~ 1
logBOHratio ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ChickAge + ePC1 + Sex
logBOHratio ~ 1
logpostNEFA ~ fRC1 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ChickAge + ePC1 + Sex
logpostNEFA ~ 1
logNEFAratio ~ fRC1 + fRC2 + fRC2 + dRC1 + dRC2 + numDiveBouts_day + ChickAge + ePC1 + Sex
logNEFAratio ~ 1
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N
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61

Model Comparison
AICc ∆AICc w
91.5 5.20 0.003
104.36 18.31 0.000
88.47 10.22 0.001
92.67 14.42 0.000
170.77 14.22 0.000
160.04 3.49 0.015
201.86 12.25 0.000
189.64 0.03 0.035
44.63 9.22 0.000
38.20 2.62 0.011
91.26 15.75 0.000
75.51 0.00 0.070
107.16 11.66 0.000
106.13 10.63 0.001
124.01 12.03 0.000
117.54 5.56 0.003

ANOVA
χ2 p-value
4.51 < 0.001
3.20 0.005
1.09

0.38

0.91

0.52

1.62

0.14

0.49

0.86

2.40

0.03

1.64

0.14
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